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ABSTRACT 
The breadboard  d e s i g n  and f a b r i c a t i o n  t e c h n i q u e s  used i n  Phase I 1  
have been reviewed and t h e  packaging  o f  t h e  b a s i c  magnet ic  l o g i c  c i r -  
c u i t  has  been found t o  be t h e  major problem. The i n t e r r e l a t i o n s h i p s  
between t h e  c i r c u i t  performance and t h e  mechanical  d e s i g n  have been 
de termined  and a p l a n a r - c i r c u i t  mechanical  d e s i g n  has  been made. A re- 
l i a b i l i t y  estimate of t h e  p r o b a b i l i t y  of s u c c e s s  o f  a f i v e - y e a r  m i s s i o n  
of 88 percen t  has  been made. A s i n g l e  c i r c u i t - - t h e  t u n i n g  f o r k  o s c i l l a t o r - -  
has  been  found t o  make a s i g n i f i c a n t  c o n t r i b u t i o n  t o  t h e  sys t em f a i l u r e  
r a t e .  The rep lacement  ol' t h i s  c i r c u i t  w i t h  a more r e l i a b l e  one  r e s u l t s  
i n  an i n c r e a s e  t o  92 p e r c e n t  f o r  t h e  p r o b a b i l i t y  of s u c c e s s .  The 
c h a r a c t e r i s t i c s  of  t h e  p r e s s e d  t o r o i d a l  s t o p p e r  cores as w e l l  as t h e  
f a c t o r s  de t e rmin ing  t h e  limit i n  t h e  p o s s i b l e  number of a n a l o g  c h a n n e l s  
are a lso d i s c u s s e d ,  
iii 
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The f e a s i b i l i t y  of  app ly ing  a l l -magne t i c - log ic  t e c h n i q u e s  t o  
r e a l i z e  a h i  g h - r e l i  a b i  l it  y da t a -  h a n d l i  ng s y s t e m  has been i n v e s t i g a t e d  * - i n  t h r e e  phases .  I n  t h e  f i r s t  phase’. t h e  a p p l i c a t i o n  of  s e v e r a l  a l l -  
magnet ic  l o g i c  c i r c u i t s  w a s  e v a l u a t e d  i n  v i e w  o f  t he  s p e c i a l  r e q u i r e -  
ments imposed by a 12-channel PCM Telemetry System. Th i s  l e d  t o  t h e  
concep t ion  o f  s e v e r a l  new c i r c u i t s  w h i c h  had c h a r a c t e r i s t i c s  more n e a r l y  
ideal f o r  t h i s  a p p l i c a t i o n ,  Based upon t h e s e  c i r c u i t s ,  a l o g i c  d e s i g n  
f o r  a 12-channel  PCM Telemetry System was completed.  I n  t h e  second 
phase2 t h i s  b a s i c  d e s i g n  was used f o r  a f e a s i b i l i t y  breadboard .  
c o n s t r u c t i o n  of t h i s  breadboard  more e x t e n s i v e  problems t h a n  had been 
a n t i c i p a t e d  were encountered .  These problems c e n t e r e d  p r i n c i p a l l y  
around t h e  packaging of  t h e  b a s i c  c i r c u i t s .  Th i s  packaging  t echn ique ,  
which had been des igned  t o  f a c i l i t a t e  c i r c u i t  m o d i f i c a t i o n s ,  t u r n e d  o u t  
t o  be  n e a r  t h e  i d e a l  f o r  t h e  c i r c u i t s  used--when a good c i r c u i t  assembly 
w a s  achieved--but  d i f f i c u l t  t o  make and more d i f f i c u l t  t o  m a i n t a i n  i n  a 
s u i t a b l y  good c o n d i t i o n .  Th i s  r e s u l t e d  i n  t h e  l a t e  comple t ion  of  t he  
c o n s t r u c t i o n  of  t h e  breadboard  and t h e  f u l l  t e s t i n g  o r i g i n a l l y  planned 
was no t  achieved .  I n  t h e  t h i r d  phase,  t h e  s u b j e c t  o f  t h i s  r e p o r t ,  
e f f o r t  w a s  t o  be  d i r e c t e d  toward t h e  fo l lowing:  
I n  t h e  
(1) A review of t h e , b r e a d b o a r d  s y s t e m  i n  o r d e r  t o  pin- 
p o i n t  t h e  problem areas 
( 2 )  De te rmina t ion  of  changes t h a t  would r e s u l t  i n  b e t t e r  
o v e r a l l  performance 
(3) Determina t ion  of  t h e  f a c t o r s  i n f l u e n c i n g  t h e  u l t i m a t e  
l i m i t a t i o n  i n  t h e  number o f  ana log  channe l s  t h a t  may 
be commutated 
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(4 )  E v a l u a t i o n  of p re s sed  s t o p p e r  t o r o i d s  
(5) Add i t iona l  i n v e s t i g a t i o n  of t h e  a p p l i c a t i o n  of 
redundancy t echn iques  
(6) Making a r e l i a b i l i t y  flow diagram 
(7 )  I n v e s t i g a t i o n  of t y p e s  of o s c i l l a t o r s  more compa t ib l e  
w i t h  t h e  s y s t e m  r e l i a b i l i t y .  
2 
During t h i s  phase t h e  expe r i ence  gained i n  t h e  c o n s t r u c t i o n  of  t h e  
Phase I1 breadboard was used t o  e v a l u a t e  t he  s y s t e m  d e s i g n  and f a b r i c a -  
t i o n  t echn iques .  
f o r  t h e  basic l o g i c  c i r c u i t  was t h e  most s e v e r e  problem. 
were determined between t h e  c i r c u i t  and t h e  e lec t r ica l  c h a r a c t e r i s t i c s  
o f  any packaging t echn ique  t h a t  modify t h e  c i r c u i t  performance.  Using 
t h e s e  r e l a t i o n s h i p s ,  an e x t e n s i o n  of t h e  " t ank  f a r m "  s t r u c t u r e  i n i t i a t e d  
by Langley Research pe r sonne l  w a s  made. T h i s  p l a n a r  s t r u c t u r e  pe rmi t s  
f u r t h e r  s i m p l i f i c a t i o n s  i n  assembly. 
The major  f i n d i n g  w a s  t h a t  t h e  packaging  t e c h n i q u e  
I n t e r r e l a t i o n s  
The p res sed  c o r e  samples  from Ind iana  General  w e r e  tested and found 
t o  have t h e i r  normally measured c h a r a c t e r i s t i c s  ( f o r  a f u l l y  switched 
c o r e )  
i n  Phase 11. I t  was found t h a t  c h a r a c t e r i s t i c s  impor t an t  t o  proper  
o p e r a t i o n  of t h e  b a s i c  s t o p p e r  c i r c u i t s ,  however, were s i g n i f i c a n t l y  
d i f f e r e n t ,  These d i f f e r e n c e s  have been  examined i n  de t a i l .  Examinat ion 
o f  o t h e r  t o r o i d a l  c o r e s  of  t h e  same m a t e r i a l  and a l s o  o f  d i f f e r e n t  
materials p l u s  a r e f i r i n g  experiment  answered i n  t h e  a f f i r m a t i v e  t h e  
impor t an t  q u e s t i o n  o f  whether  t h e  d e s i r e d  p a r t i a l  switched c h a r a c t e r i s t i c s  
c o u l d  be o b t a i n e d  i n  a p r e s s e d  co re .  
very  c l o s e  t o  t h e  c h a r a c t e r i s t i c s  o f  t h e  c o r e s  c u t  u l t r a s o n i c a l l y  
. 
A r e l i a b i l i t y  f low diagram w a s  made t h a t  d i s c l o s e d  t h e  t u n i n g  f o r k  
o s c i l l a t o r  TO be t~ iiikjc? rc??frihii tor t o  t h e  f a i l u r e  ra te  f i g u r e  o b t a i n e d  
f o r  t h e  whole s y s t e m .  The p r o b a b i l i t y  of  s u c c e s s  f o r  a f i v e - y e a r  mis s ion  
f o r  t h i s  s y s t e m  was found t o  be 88  pe rcen t .  Rep lac ing  t h e  t u n i n g  f o r k  
o s c i l l a t o r  w i t h  a more r e l i a b l e  o s c i l l a t o r - - i . e . ,  an RC o s c i l l a t o r - -  
i n c r e a s e s  t h e  p r o b a b i l i t y  f o r  s u c c e s s  t o  92 p e r c e n t .  S e v e r a l  approaches 
t o  redundancy o f  t h e  semiconductor  devices  have been examined. C e r t a i n  
approaches  were found t o  be u s e f u l  due t o  t h e  small  number o f  s e m i -  
conduc to r s  i n  t h e  sys t em.  On the b a s i s  of an hypo thes i zed  widespread  
a p p l i c a t i o n  of redundancy, i t  has  been e s t i m a t e d  t h a t  t h e  p r o b a b i l i t y  
of  s u c c e s s  f o r  a f i v e - y e a r  miss ion  w i l l  bc i n c r e a s e d  t o  98  p e r c e n t .  
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I11 INVESTIGATIONS 
A. Breadboard Design and F a b r i c a t i o n  Review 
1. Logic Design 
The l o g i c  d e s i g n  f o r  t h e  12-channel t e l e m e t r y  s y s t e m  g e n e r a t e d  
i n  Phase I and mod i f i ed  i n  Phase I1 h a s  been reviewed.  The e x p e r i e n c e  
gained d u r i n g  Phase I1 w a s  reviewed and s e r v e d  as t h e  s t a r t i n g  p o i n t  
f o r  t h i s  phase.  
One r e s u l t  of t h i s  review was t h e  f i n d i n g  t h a t  t h e  u s e  o f  
i s o l a t e d  s p e c i a l  l o g i c  c i r c u i t s  i n c r e a s e d  f a b r i c a t i o n  problems,  TWO 
such c i r c u i t s  e x i s t  i n  t h e  Phase I1 des ign - - the  d i g i t a l  channe l  d e t e c t o r  
c i r c u i t  and t h e  s e v e n t h  s t a g e  o f  t h e  w e i g h t - c u r r e n t  programmer. The 
l o g i c a l  r equ i r emen t s  f o r  t h e s e  c i r c u i t s  have been examined t o  d e t e r m i n e  
what a l t e r n a t i v e s  e x i s t .  
T h i s  examina t ion  of t h e  d i g i t  a l - c h a n n e l - d e t e c t o r  l o g i c  re- 
s u l t e d  i n  t h e  f i n d i n g  t h a t  a change i n  t h e  i n p u t  c i r c u i t s  o f  t h e  d i g i t a l  
and sync c h a n n e l s  w i l l  produce s e v e r a l  d e s i r a b l e  improvements. The 
s p e c i a l  l o g i c  c i r c u i t  t o  d e t e c t  t h e  sampl ing  o f  a d i g i t a l  (and s y n c )  
channel  i s  e l i m i n a t e d ,  t h e  a m p l i f i e r  a s s o c i a t e d  w i t h  t h i s  c i r c u i t  i s  
e l i m i n a t e d ,  t h e  l o g i c  i s  s i m p l i f i e d ,  and t h e r e  i s  a s i m p l i f i c a t i o n  i n  
t h e  des ign  of t h e  l o g i c  c i r c u i t s  connec ted  t o  t h e  DCD. The o r i g i n a l  
f u n c t i o n  of  t h e  E D  c i r c u i t  w a s  t o  i n h i b i t  t h e  r e p e t i t i v e  tu rn -on  o f  
t h e  we igh t - cu r ren t  d r i v e r s  when a d i g i t a l  or s y n c  c h a n n e l  w a s  b e i n g  
sampled, T h i s  was because  e a c h  of  t h e  c o r e s  a s s o c i a t e d  w i t h  each  d i g i t a l  
s e n s o r  i s  r e a d  o u t  by one o f  t h e  we igh t  c u r r e n t s  and i t  i s  n e c e s s a r y  t o  
o b t a i n  an o u t p u t  from each  c o r e  o n l y  once  f o r  e a c h  commutation i n t e r v a l .  
The c i r c u i t  change on  t h e  i n p u t s  t o  t h e s e  c h a n n e l s  p r o v i d e s  o n l y  one 
Output from each such  c o r e  and t h i s  o c c u r s  a t  t h e  t i m e  of  t h e  S e q u e n t i a l  
turn-on o f  t h e  w e i g h t - c u r r e n t  d r i v e r .  The r equ i r emen t  t o  i n h i b i t  t h e  
r e p e t i t i v e  turn-on o f  t h e  we igh t  c u r r e n t s  is  no l o n g e r  n e c e s s a r y  and 
t h e r e f o r e  t h e  l o g i c  t o  accomplish t h i s  c a n  b e  e l i m i n a t e d .  
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A second i s o l a t e d  s p e c i a l  l o g i c  c i r c u i t ,  t h e  s e v e n t h  s t a g e  o f  
t h e  we igh t - cu r ren t  programmer, has  been examined and a s i m p l e  l o g i c  
change has  been found t o  e l i m i n a t e  i t .  T h i s  change m e r e l y  i n v o l v e s  a 
l e n g t h e n i n g  of t h e  we igh t - cu r ren t  programmer t o  e i g h t  s t a g e s .  I n  t h i s  
manner a l l  of  t h e  t r a n s f e r  c i r c u i t s  between t h e  programmer and t h e  b u f f e r  
s t o r e  are made i d e n t i c a l .  
The remain ing  changes r e l a t e  t o  t h e  removal of  t h e  semicon- 
d u c t o r  a m p l i f i e r s  t h a t  had been added i n  Phase I1 as an e x p e d i e n t .  The 
d e t a i l e d  c i r c u i t  t e s t i n g  necessa ry  t o  v e r i f y  t h e  performance a c h i e v a b l e  
w i t h  t h e s e  a m p l i f i e r s  removed has  not been made i n  t h i s  phase.  There- 
f o r e  t h e s e  a m p l i f i e r s  have not  been e l i m i n a t e d  but  a r e  i n d i c a t e d  by 
dashed l i n e s  on t h e  l o g i c  diagram. These a r e  t h e  i n t e r s t a g e  a m p l i f i e r s  
i n s e r t e d  between t h e  o u t p u t  of t h e  t iming  g e n e r a t o r  and t h e  m u l t i p u l s e  
d r i v e r s  L and L and between t h e  super-commutated channe l ,  channel  s i x ,  




During t h e  l o g i c  review an o p t i o n  w a s  r e d i s c o v e r e d  i n  t h e  de- 
s i g n  of  t h e  t i m i n g  g e n e r a t o r .  A s  t h i s  h a s  not  been i n c l u d e d  i n  prev ious  
r e p o r t s  i t  i s  i n c l u d e d  he re .  Th i s  o p t i o n  relates t o  t h e  l e n g t h  of t h e  
r i n g  c o u n t e r  when t h e  measurand i s  t o  be r e p r e s e n t e d  by an odd number of 
b i n a r y  d i g i t s .  The i n h e r e n t  n a t u r e  o f  magnet ic  l o g i c  c i r c u i t s  d i c t a t e s  
t h a t  an even  number of s t a g e s  be used. Th i s  may be done, as i n  t h e  
p r e s e n t  d e s i g n ,  by doub l ing  t h e  number of s t a g e s  and ORing t o g e t h e r  t h e  
o u t p u t s  ot s t a g e s  seVcii stzgcs c ! i q t n n t  t o  p rov ide  t h e  d e s i r e d  o u t p u t s .  
The o t h e r  o p t i o n  is  t o  i n c r e a s e  t h e  number of  b i t s  p e r  channel  by one.  
T h i s  may be  done by d e c r e a s i n g  t h e  number o f  s t a g e s  i n  t h e  r i n g  coun te r  
forming  t h e  t i m i n g  g e n e r a t o r  t o  one more t h a n  r e q u i r e d  f o r  t h e  b i n a r y  
r e p r e s e n t a t i o n  of t h e  measurand. The b u f f e r  s t o r e  i s  a l s o  i n c r e a s e d  by 
one s t a g e .  Th i s  makes an a d d i t i o n a l  b i t  a v a i l a b l e  f o r  each  channel ,  
. 
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p a i r s  o f  
pos i t i o n  
h e  l e n g t h  of  t h e  r i n g  c o u n t e r  needed ( f o r  t h i s  sys tem,  by s i x  
and e l i m i n a t e s  t h e  n e c e s s i t y  of  ORing toget. l ier  o u t p u t s  of # 
s t a g e s  of  t h e  r i n g  c o u n t e r .  The a v a i l a b i l i t y  o f  t h i s  e x t r a  b i t ,  
makes f e a s i b l e  t h e  i n c l u s i o n  of a check b i t  f o r  each  c h a n n e l .  
The l o g i c  f o r  g e n e r a t i n g  t h i s  check b i t  may t a k e  s e v e r a l  forms.  O n e  
form t h a t  i s  a t t r a c t i v e ,  a l t h o u g h  i t  o n l y  d e t e c t s  conve r s ion  errors i n  
one d i r e c t i o n ,  i s  r e l a t i v e l y  s i m p l e  t o  implement.  T h i s  i n v o l v e s  e n e r -  
g i z i n g  t h e  weight -cur ren t  d r i v e r s  a n  e i g h t h  t i m e  under  c o n t r o l  of  t h e  
b u f f e r  s tore .  None of t h e  d r i v e r s  would be t u r n e d  on a t  t h i s  t i m e  b y  
t h e  s e q u e n t i a l  tu rn-on  l o g i c .  A match c o n d i t i o n  between t h e  weight  
c u r r e n t s  and t h e  measurand s h o u l d  r e s u l t .  L o g i c a l l y  a match c o n d i t i o n  
(and also t h e  c o n d i t i o n  i n  which t h e  measurand i s  g r e a t e r  t h a n  t h e  weight  
c u r r e n t s )  r e s u l t s  i n  a ONE b e i n g  set i n t o  t h e  b u f f e r  s tore ,  i n  t h i s  case 
i n  t h e  e i g h t h  s t a g e  o f  t h e  b u f f e r  s tore .  I n  t h e  e v e n t  t h a t  an  error  d i d  
o c c u r  i n  t h e  d i g i t i z i n g  and t h i s  error  r e s u l t e d  i n  encoding  too l a r g e  
a v a l u e  i n  b i n a r y  form, a mismatch would o c c u r  and a ZERO would be set  
i n  t h e  store.  The l o g i c  changes needed t o  accomplish t h i s  would be t o  
i n c r e a s e  by o n e  s t a g e  t h e  l e n g t h  o f  b o t h  t h e  b u f f e r  s t o r e  and t h e  weight -  . 
c u r r e n t  programmer, and t o  change t h e  bu r s t -o f - e igh t  g e n e r a t o r ,  L t o  
provide  n i n e  p u l s e s .  
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2 .  Logic  C i r c u i t s  
The rev iew o f  t h e  l o g i c  c i r c u i t s  w a s  l i m i t e d  t o  e v a l u a t i n g  
t h e  d a t a  o n  performance o b t a i n e d  i n  t h e  p r e v i o u s  phascs .  These d a t a ,  
which r e l a t e d  mainly t o  t h e  b a s i c  l o g i c  c i r c u i t ,  w e r e  v a r i a b l e  due t o  
t h e  problems encoun te red  i n  packaging  t h e s e  c i r c u i t s ,  and are t h e r e f o r e  
s u b j e c t  t o  i n t e r p r e t a t i o n .  F u r t h e r  d e t a i l e d  t e s t i n g  of t h e s e  c i r c u i t s  
planned f o r  t h i s  phase w a s  n o t  accompl ished  f o r  t w o  r e a s o n s :  (1) Im- 
p o r t a n t  material  c h a r a c t e r i s t i c s  of t h e  s t o p p e r  cores p repa red  f o r  
Langley Research C e n t e r  by I n d i a n a  General d i f f e r e d  from t h o s e  which 
had been c u t  u l t r a s o n i c a l l y  and i i s cd  i n  I’tinse 11 bt-entll)o:ird, and ( 2 )  t l i t ’  
work on packaging d i d  not  rcnc.11 a s u f f i c i c n t  l y  e a r l y  c o n c l u s i o n .  T l i l s  
e f f o r t  t h e n  w a s  d i r e c t e d  a t  t h e  e f f e c t  o n  t h e  c i r c u i t s  due t o  t h e  l o g i c  
and packaging changes.  
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The c i r c u i t  m o d i f i c a t i o n  of t h e  i n p u t  of  t h e  d i g i t a l  and sync  
1 channe l s  i n v o l v e s  a change o f  t h e  d i r e c t  c u r r e n t  s o u r c e  used to  d r i v e  
t h e  d i g i t a l  s e n s o r  i n p u t  c o r e s  t o  a pulsed c u r r e n t  s o u r c e ,  By s e t t i n g  
a l l  o f  t h e s e  i n p u t  c o r e s  on ly  once f o r  each channel  commutation, each  
c o r e  i s  a b l e  t o  be 
i n  t h i s  i n t e r v a l .  Th i s  o u t p u t  w i l l  occur  on  t h e  f i r s t  read-out  pu l se ,  
and i t  f u l l y  clears t h e  c o r e .  The occurrence  of  subsequent  read-out  
p u l s e s  t o  t h i s  c o r e  w i l l  produce no output  as t h e  c o r e  is  i n  t h e  f u l l y  
c l e a r e d  s t a t e .  The r eadou t  o f  each  i n p u t  c o r e  a s s o c i a t e d  w i t h  one o f  
t h e  d i g i t a l  channe l s  is  accomplished by  one of t h e  seven  weight  c u r r e n t s  
( f o r  t h e  lower  v a l u e s  of  weight  c u r r e n t  t h i s  r e a d  c u r r e n t  i s  o b t a i n e d  
from t h e  we igh t - cu r ren t  d r i v e r  bu t  by a c i r c u i t  connec ted  i n  shun t  w i t h  
t he  we igh t - cu r ren t  c i r c u i t ) .  As each  weight -cur ren t  d r i v e r  is t u r n e d  on  
f o r  t h e  first t i m e ,  t h e  o u t p u t  of  o n l y  t h e  core connected  to  it w i l l  
produce an o u t p u t  s i g n a l ,  T h i s  is  t h e  i n p u t  s i g n a l  f o r  t h e  BMC o f  t h e  
d i g i t a l  channel .  Th i s  c i r c u i t  i s  shown i n  F ig .  1. I t  is  of  i n t e r e s t  t o  
n o t e  t h a t  by making t h e  p o l a r i t y  of  t h e  i n p u t  s i g n a l  t o  t h e  BMC such  
t h a t  t h e  unbalance  produced is i n  t h e  same d i r e c t i o n  as f o r  t h e  ana log  
channe l s  when t h e  weight  c u r r e n t  i s  g r e a t e r  t h a n  t h e  measurand, a ZERO 
I1  r e a d  out" - - i . e . ,  produce an  o u t p u t  s igna l - -on ly  once 
b w i l l  be  set  i n  t h e  b u f f e r  s t o r e  when each i n p u t  c o r e  is  swi t ched  t o  i t s  
clear s t a t e .  T h i s  c o n d i t i o n  does not  produce a r e p e t i t i v e  tu rn -on  o f  
t h e  d r i v e r  as t h i s  o c c u r s  on ly  f o r  a ONE i n  t h e  b u f f e r  s t o r e .  Thus i t  
is  s e e n  t h a t  o n l y  one readout  p u l s e  can be  a p p l i e d  t o  a c o r e  when t h a t  
p u l s e  produces an o u t p u t  s i g n a l .  
Reduct ion  of t h e  number o f  t r a n s i s t o r s  a s s o c i a t e d  wi L.;L t k  
weigh t -cu r ren t  d r i v e r s  w a s  no t  i n v e s t i g a t e d  i n  t h i s  phase.  The e x t r a  
t r a n s i s t o r s  p e r  we igh t - cu r ren t  d r i v e r  were i n c l u d e d  on  t h e  breadboard  
t o  take care of unexpected l o s s e s  i n  t h e  c o u p l i n g  loops  between t h e  
we igh t - cu r ren t  d r i v e r s  and weight -cur ren t  programmer. This  i n  t u r n  
would b e  de te rmined  p r i n c i p a l l y  by packaging d e s i g n .  
3. Packaging 
A major  r e s u l t  of  t h e  review conducted i n  t h i s  phase has  been 
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This  i s  so ,  due  t o  t h e  s t r o n g  dependence o f  t h e  e l e c t r i c a l  performance 
of  t h e  l o g i c  c i r c u i t s  o n  t h e  e l ec t r i ca l  c h a r a c t e r i s t i c s  of t h e  mechanical 
assembly,  A second and n e a r l y  a s  s i g n i f i c a n t  f a c t o r  was found t o  be t h e  
p r o d u c t i o n  c o m p l i c a t i o n s  induced b y  t h e  f a b r i c a t i o n  method. The s p e c i f i c  
problems e n c o u n t e r e d  i n  t h i s  area were ( 1 )  d i f f i c u l t y  i n  o b t a i n i l l g  and 
i n a b i l i t y  t o  m a i n t a i n  a low-impedance e l e c t r i c a l  c i r c u i t ,  ( 2 )  p r o d u c t i o n  
o f  an e x c e s s i v e  number o f  e l e c t r i c a l  s h o r t  c i r c u i t s  due t o  b o t h  t h e  
packaging method employed and t h e  l a r g e  number o f  s o l d e r  c o n n e c t i o n s ,  
and (3 )  t h e  s low and t e d i o u s  p rocess  r e q u i r e d  f o r  t h e  f a b r i c a t i o n  of t h e  
c i r c u i t s .  
The packaging method used f o r  t h e  assembly of  t h e  breadboard 
i n  Phase I1 had been s e l e c t e d  i n  o r d e r  t o  a c h i e v e  low-impedance s t o p p e r  
loops  and a l s o  t o  a l low ( r e l a t i v e l y )  easy r e p a i r s  and m o d i f i c a t i o n s  of 
t h e  c i r c u i t s .  A s  d i s c u s s e d  i n  t h e  Phase I1 r e p o r t ,  t h i s  produced many 
c o m p l i c a t i o n s  and d i d  no t  a c h i e v e  the  d e s i r e d  r e s u l t .  The need f o r  an 
improved packaging t e c h n i q u e  has  been c l e a r l y  e s t a b l i s h e d .  However, 
b e f o r e  t h i s  c a n  b e  done t h e  l i m i t a t i o n s  imposed o n  t h e  performance of  
t h e  c i r c u i t  by t h e  packaging needed t o  be  more c l e a r l y  understood.  
The s t a r t i n g  p o i n t  i n  r e l a t i n g  t h e  e f f e c t s  o n  t h e  e l e c t r i c a l  
performance of a g i v e n  mechanical  d e s i g n  w a s  t h e  d e t e r m i n a t i o n  t h a t  t h e  
impedance of t h e  s t o p p e r  l o o p  must be low t o  permit  c i r c u i t  o p e r a t i o n  
a t  low f l u x  l e v e l s .  The impedance achieved u s i n g  t h e  "cav i ty"  w a s  
s u f f i c i e n t l y  l o w  f o r  t h i s  purpose when t h e  p r e s s u r e  c o n t a c t  w a s  care- 
f u l l y  made. The c i r c u i t  o p e r a t i o n  i n  i i L 3  ;tr:2terp was adopted as a 
s t a n d a r d  f o r  comparison.  A t  Langley Resea rch  Cen te r ,  an e f f o r t  w a s  
made t o  o b t a i n  a n  open s t r u c t u r e  w h i l e  m a i n t a i n i n g  a s u f f i c i e n t l y  low 
impedance i n  t h e  s t o p p e r  loop.  
s t r u c t u r e  where two coppe r  c y l i n d e r s  p r o j e c t  from a copper  b a s e  p l a t e .  
The s t o p p e r  l o o p  i s  completed by s o l d e r  c o n n e c t i o n s  t o  t h e  t o p s  o f  
t h e s e  t a n k s .  The impedance o f  t h i s  l o o p  i s  kep t  small by making t h e  
d i a m e t e r  o f  t h e  t a n k s  l a r g e  and t h e  s p a c i n g  between t a n k s  smal l .  T h i s  
s t r u c t u r e  improves t h e  p r o d u c i b i l i t y  g r e a t l y  by g e t t i n g  t h e  c o r e s  o u t  
o f  t h e  c a v i t y  i n t o  t h e  open where they  are more a c c e s s i b l e  f o r  w i r i n g .  
Except f o r  t h e  OBP and AOBP t h e  w i r i n g  a s s o c i a t e d  w i t h  t h e  s t o p p e r  c o r e s  
Th i s  has  r e s u l t e d  i n  t h e  " t ank  farm" 
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i s  t h e  same as i n  t h e  c a v i t y  s t r u c t u r e .  The impedance, w h i l e  somewhat 
h i g h e r  t h a n  f o r  t h e  c a v i t y  s t r u c t u r e ,  i s  a c c e p t a b l y  low. 
I n  magnet ic  e l emen t s  where t h e  magnet ic  p a t h  l e n g t h  i s  l o n g  
and t h e  f l u x  c a p a c i t y  i s  s m a l l ,  as i n  t h e  s t o p p e r  c o r e s  used t o  d a t e ,  
t h e  p o s i t i o n  o f  t h e  windings on a c o r e  i n f l u e n c e  i t s  c h a r a c t e r i s t i c s .  
Th i s  is  due t o  t h e  e f f e c t s  of t h e  l e a k a g e  f l u x  t h a t  r e s u l t  from t h i s  
method of e x c i t a t i o n ,  When m u l t i p l e  windings are p r e s e n t  on a core, 
i t  i s  impor t an t  to r e a l i z e  t h a t  t h e  n e t  l e a k a g e  e f f e c t  i s  de te rmined  by 
b o t h  t h e  e x c i t a t i o n  c u r r e n t  and t h e  r e a c t i o n  c u r r e n t s  caused  t o  f low i n  
t h e  secondary wind ings .  For t h e  case where one magne t i c  e lement  i s  
d r i v e n  from a n o t h e r  t h rough  a c o u p l i n g  loop ,  t h e  impedance o f  t h e  c o u p l i n g  
loop ,  t h e  c h a r a c t e r i s t i c s  of t h e  l o a d  c o r e ,  and t h e  placement o f  t h e  ex- 
c i t a t i o n  windings a l l  combine i n  a complex manner t o  de te rmine  t h e  re- 
a c t i o n  c u r r e n t  ( c o u p l i n g  l o o p  c u r r e n t )  and hence t h e  l e a k a g e  f l u x .  The re  
are guides  t h a t  are u s e f u l  i n  p r o v i d i n g  an i n i t i a l  assessment  o f  t h e  
e f f e c t s  o f  a contemplated change. Gene ra l ly  l e a k a g e  f l u x  e f f e c t s  are 
reduced b y  p h y s i c a l l y  l o c a t i n g  an e x c i t a t i o n  wind ing  i n  c l o s e  p r o x i m i t y  
t o  a winding c a r r y i n g  a r e a c t i o n  c u r r e n t .  C i r c u i t  o p e r a t i o n  i s  g e n e r a l l y  
improved by low-impedance c o u p l i n g  l o o p s .  
coupl i i ig  loops m u s t  be small  enough t o  pe rmi t  decay of t h e  c u r r e n t  d u r i n g  
t h e  i n t e r p u l s e  p e r i o d .  T h i s  i l l u s t r a t e s  t h a t  t h e  l i m i t i n g  lower v a l u e  
o f  r e s i s t a n c e  i n  a c o u p l i n g  l o o p  i s  de te rmined  by t h e  amount o f  t h e  l o o p  
i n d u c t a n c e .  Leakage f l u x  i s  a l s o  reduced when c o p p e r  s u r f a c e s  are con- 
t i g u o u s  or i n  c l o s e  p r o x i m i t y  t o  t h e  s u r f a c e s  o f  t h e  magnet ic  c o r e .  
The L/R t i m e  c o n s t a n t  o f  t h e  
I n  r ev iewing  t h e  packaging e x p e r i e n c e  t o g e t h e r  w i t h  l a b o r a t o r y  
tests of Phase 11 t h e  C h a r a c t e r i s t i c s  r e q u i r e d  o f  a new mechanical  de- 
s i g n  were determined.  Any new mechan ica l  d e s i g n  must a l l o w  t h e  c i r cu i t  
t o  be  more e a s i l y  and r e l i a b l y  produced. The r equ i r emen t  f o r  complex 
winding p a t t e r n s  s h o u l d  be e l i m i n a t e d  or a t  l eas t  minimized. Connec t ions  
s h o u l d  be made a c c e s s i b l e  f o r  f c rming  r e l i a b l e  c o n n e c t i o n s  ( s o l d e r i n g ,  
b r a z i n g ) .  The number of j o i n t s  s h o u l d  b e  r educed .  Methods f o r  more 
e f f i c i e n t l y  h a n d l i n g  t h e  c o r e s  and u s e  of w i r i n g  a i d s  t o  a c h i e v e  uni- 
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To e v a l u a t e  t h e  p r o d u c i b i l i t y  of a g i v e n  mechanical  d e s i g n  
r e q u i r e s  c o n s i d e r a t i o n  not  o n l y  of t h e  p r o d u c i b i l i t y  of t h e  i n d i v i d u a l  
c i r c u i t s  b u t  o f  t h e  complete  assembly o f  c i r c u i t s  compr i s ing  t h e  sys t em 
as w e l l .  I n  t h i s  r e g a r d ,  t h e  b a s i c  mechanical d e s i g n  must accommodate 
t h e  n e c e s s a r y  c i r c u i t  v a r i a t i o n s .  T h i s  a l s o  ref lects  back on  t h e  l o g i c  
d e s i g n  and r e q u i r e s  t h a t  s p e c i a l  c i r c u i t s  used o n l y  once or t w i c e  be  
e l i m i n a t e d  u n l e s s  t h e  a l t e r n a t i v e s  are not s a t i s f a c t o r y .  
During t h i s  phase s e v e r a l  d i f f e r e n t  packaging methods were 
c o n s t r u c t e d  and t e s t e d ,  The c o n s i d e r a t i o n s  l i s t e d  above are t h e  g e n e r a l  
r e s u l t s  o f  t h e s e  tests.  From them t h e  f a c t o r s  t h a t  needed t o  be con- 
t r o l l e d  were de te rmined  and v e r i f i e d .  I n  p a r t i c u l a r ,  t h e  n a t u r e  o f  t h e  
dependence of c i r c u i t  o p e r a t i o n  on t h e  impedance o f  t h e  f l u x  s o u r c e  l o o p  
h a s  been de te rmined ,  and a more complete  u n d e r s t a n d i n g  of t h e  e f f e c t s  
o f  l e a k a g e  f l u x  h a s  been o b t a i n e d .  As a r e s u l t  of  t h i s  i n c r e a s e d  under- 
s t a n d i n g  i t  is now p o s s i b l e  t o  d e s i g n  a new mechanical  s t r u c t u r e  t h a t  
w i l l  be  more p r o d u c i b l e  and re l iab le .  
I n  t h e  i n i t i a l  i n v e s t i g a t i o n  of t h e  e f f e c t  o f  mechanical  de- 
s i g n  or c i r c u i t  o p e r a t i o n  t h e  new p res sed  s-4 c o r e s  ( p a r t  N o .  F2271) 
were used.  I t  was found t h a t  t h e  c h a r a c t e r i s t i c s  o f  t h e s e  cores are 
d i f f e r e n t  i n  impor t an t  a s p e c t s  from t h o s e  o b t a i n e d  u l t r a s o n i c a l l y .  
B e f o r e  t h e  e f f ec t s  o f  t h e  mechanical  d e s i g n  o n  c i r c u i t  o p e r a t i o n  c o u l d  
b e  de t e rmined ,  t h e  e f f e c t s  of t h e  d i f f e r e n c e  i n  c o r e  c h a r a c t e r i s t i c s  
had t o  b e  de t e rmined .  These d i f f e r e n c e s  are d i s c u s s e d  i n  Sec.  111-B, 
below. 
* 
A mechanical  d e s i g n  h a s  evolved from t h e s e  tests t h a t  i s  
b a s i c a l l y  an e x t e n s i o n  of  t h e  d e s i g n  o r i g i n a t e d  at  Langley Research 
C e n t e r ,  and p r o v i d e s  f o r  improvements i n  b o t h  p r o d u c i b i l i t y  and re- 
l i a b i l i t y .  Th i s  d e s i g n  is  best d e s c r i b e d  as p l a n a r ,  as a l l  cores are 
s i t u a t e d  i n  one p l a n e .  The t w o  s t o p p e r  c o r e s  are p o s i t i o n e d  o n  two 
c o p p e r  c y l i n d e r s  e x t e n d i n g  up from a copper  base ,  a few t h o u s a n d t h s  o f  
an i n c h  h i g h e r  t h a n  t h e  h e i g h t  o f  t h e  s t o p p e r  c o r e s ,  The c y l i n d e r s  are 
* 
S e e  Sec .  B-2. 
spaced approx ima te ly  0.490 i n c h  between c e n t e r ,  and t h e  s i d e s  o f  t h e  
c y l i n d e r s  are ground f l a t ,  forming f o u r  s u r f a c e s  p a r a l l e l  t o  t h e  p l a n e  
formed by t h e  two c y l i n d e r  axes.  The c o r e s  forming t h e  OBP, t h e  AOBP, 
t h e  d e c o u p l e r  c o r e s ,  and t h e  c l i p p e r  c o r e s  a r e  p l a c e d  between t h e  s t o p p e r  
p a i r  and i n  t h e  same p l a n e .  The f l u x  s o u r c e  c o r e s  are p l a c e d  t a n g e n t  t o  
one  s t o p p e r  c o r e  i n  t h e  v i c i n i t y  o f  t h e  f l a t t e n e d  c y l i n d e r  f a c e .  The 
f l u x  source c o r e s  are connected t o  t h e  s t o p p e r  p a i r  by means o f  a f l a t  
s t r i p  t r a n s m i s s i o n  l i n e .  Th i s  i s  r e q u i r e d  t o  keep t h e  impedance o f  t h e  
f l u x  source l o o p  s u f f i c i e n t l y  sma l l ,  The OBP and AOBP are connec ted  
i n t o  t h e  c i r c u i t  by "U" shaped conduc to r s  t h a t  p a s s  down t h r o u g h  one  
c o r e  o f  each  ba lanced  p a i r  and up t h r o u g h  i t s  mate, Both o f  t h e s e  con- 
d u c t o r s  a r e  s o l d e r e d  t o  t h e  t o p s  o f  t h e  c y l i n d e r s  and t h e r e b y  form t h e  
s t o p p e r  l o o p s .  The i n p u t  c o n n e c t i o n s  t o  t h e  c i r c u i t  a r e  formed by t h e  
ends o f  one of t h e s e  c o n d u c t o r s .  The r ema in ing  w i r i n g  o f  t h e  c i r c u i t  
may be accomplished by push-through w i r i n g  r e q u i r i n g  s o l d e r i n g  o n l y  o f  
t h e  o u t p u t  w ind ing  of t h e  AOBP'S and t h e  i n t e r s t a g e  c o u p l i n g  l o o p s  be- 
t w e e n  OBP and t h e  i n p u t  c o n d u c t o r s .  A s k e t c h  of  a s t r u c t u r e  based  on 
t h e  d e s i g n  i s  shown i n  F i g .  2 .  
B .  Core C h a r a c t e r i s t i c s  
The magnet ic  c h a r a c t e r i s t i c s  of t h e  " s t o p p e r "  c o r e s  are o f  c e n t r a l  
importance i n  t h e  o p e r a t i o n  of  t h e  s t o p p e r  l o g i c  c i r c u i t .  S p e c i f i c a l l y ,  
t h e  t h r e s h o l d  c h a r a c t e r i s t i c  and t h e  s w i t c h i n g  c o n s t a n t  d e t e r m i n e  t o  a 
g r e a t  e x t e n t  t h e  o p e r a t i n g  c u r r e n t  r a n g e  o f  t h e  c i r c u i t .  For a g iven  
c o r e  s i z e ,  t h e  s w i t c h i n g  c o n s t a n t  does not v a r y  much from m a t e r i a l  t o  
m a t e r i a l  ( a s  l o n g  a s  w e  are t a l k i n g  o f  s q u a r e - l o o p  f e r r i t e s ) ,  so t h e  
t h r e s h o l d  c h a r a c t e r i s t i c  is  o u r  c h i e f  c o n c e r n .  The f o l l o w i n g  s e c t i o n s  
d e a l  w i t h  ( 1 )  t h r e s h o l d  measurements o n  t o r o i d s  made from I n d i a n a  General  
Corpora t ion  S-4 f e r r i t e  material  and ( 2 )  t h r e s h o l d  e f f e c t s  o n  c i r c u i t  
o p e r a t i o n .  I n  a d d i t i o n ,  a b b r e v i a t e d  measurements made on a l a r g e  number 
o f  memory c o r e s  of v a r i o u s  f e r r i t e  mater ia ls  are d i s c u s s e d .  
The b readboard  assembly t h a t  w a s  deve loped  and f a b r i c a t e d  d u r i n g  
Phase I1 of t h i s  c o n t r a c t  used s t o p p e r  c o r e s  t h a t  were c u t  u l t r a s o n i -  
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FIG. 2 PLANAR STRUCTURE 
h i g h  mmf t h r e s h o l d  (3  amperes) and a small f l u x  c a p a c i t y  (100 m i l l i v o l t -  
m i  c r o s e c o n d s )  was s a t i s f a c t o r y  f o r  t h e  f e a s i b i l i t y  breadboard.  However, 
f o r  f u t d r e  u s e  o f  t h e  s t o p p e r  l o g i c  c i r c u i i  a CGX ??.de bv s t a n d a r d  
p r e s s i n g  and s i n t e r i n g  t e c h n i q u e s  i s  d e s i r a b l e .  For t h i s  r eason  a 
p r e s s e d  core made of S-4 material  w a s  s e c u r e d  by Langley Research C e n t e r  
f r o m  I n d i a n a  General, and i t  i s  d e s i g n a t e d  F2271. 
showed t h e s e  c o r e s  t o  have t h e  same w e l l - c l e a r e d  t h r e s h o l d  and s w i t c h i n g  
c o n s t a n t  as t h e  u l t r a s o n i c a l l y  c u t  c o r e s ,  s t o p p e r  l o g i c  c i r c u i t  s t a g e s  
were f a b r i c a t e d  b o t h  a t  Langley and a t  SRI u s i n g  t h e s e  new t o r o i d s .  The 
c i r c u i t s  so  c o n s t r u c t e d  d i d  not  f u n c t i o n  p r o p e r l y ,  and i n  p a r t i c u l a r  
t h e y  c o u l d  no t  b e  d r i v e n  by a l a rge -ampl i tude  d r i v e  c u r r e n t  w i t h o u t  
d e v e l o p i n g  an e x c e s s i v e  n o i s e  o u t p u t .  
A f t e r  i n i t i a l  tes ts  
T e s t s  on t h e  c i r c u i t s  i n d i c a t e d  
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t h a t  t h e  t h r e s h o l d  o f  t h e  c o r e  when p a r t i a l l y  se t  w a s  i n a d e q u a t e ,  and 
t h i s  accounted,  i n  p a r t ,  f o r  t h e  d e g r a d a t i o n  i n  performance.  Because 
o f  t h i s  low t h r e s h o l d  v a l u e  a more d e t a i l e d  comparison of  t y p e  F2271 
c o r e s  and t h e  u l t r a s o n i c a l l y  c u t  c o r e s  w a s  made and i s  p r e s e n t e d  h e r e .  
1. Tes t  Procedure 
The p r i n c i p a l  c h a r a c t e r i s t i c  t o  be t e s t e d  i s  t h e  t h r e s h o l d  o f  
t h e  c o r e  when i t  i s  i n  a p a r t i a l l y  s e t  c o n d i t i o n - - i . e . ,  no t  i n  s a t u r a t i o n .  
For t h e  purposes  o f  t h i s  r e p o r t  " t h r e s h o l d "  i s  d e f i n e d  as t h e  mmf t h a t  
s w i t c h e s  a s p e c i f i e d  amount o f  i r r e v e r s i b l e  f l u x  i n  t h e  t o r o i d .  
W e  f u r t h e r  d e f i n e  t h r e e  d i s t i n c t  " t h r e s h o l d s " :  t h e  w e l l -  
c l e a r e d  t h r e s h o l d  (TH), t h e  p a r t i a l l y - s w i t c h e d - s t a t e  t h r e s h o l d  when t h e  
t h r e s h o l d  v a l u e  of  f l u x  i s  swi t ched  i n  t h e  set  d i r e c t i o n  (TH p a r t i a l  
s e t )  and t h e  p u t i a l l y - s w i t c h e d - s t a t e  t h r e s h o l d  when t h e  t h r e s h o l d  v a l u e  
of  f l u x  i s  swi t ched  i n  t h e  c l e a r  d i r e c t i o n  (TH , p a r t i a l  c l e a r ) .  The 
amount of  f l u x  t h a t  has  been p a r t i a l l y  s w i t c h e d  ( p r e s e t )  i n  t h e  c o r e  and 
t h e  manner i n  which t h i s  is  done are s p e c i f i e d  a l s o .  
PS' 
PC 
For  t h e  t h r e s h o l d  c h a r a c t e r i s t i c  c u r v e s  t h a t  f o l l o w ,  t h e  p u l s e  
sequence used i s :  (1 )  s a t u r a t e  t h e  c o r e  t o  i t s  r e f e r e n c e  c o n d i t i o n ,  
t h e  c lear  s t a t e ,  by a p p l y i n g  a l a r g e  mmf, u s u a l l y  16  ampere t u r n s ,  (2) 
s w i t c h  s p e c i f i e d  amount ( s )  of f l u x  toward t h e  o p p o s i t e  remanent s t a t e - -  
i . e . ,  preset t h e  core--and (3) app ly  t h e  t h r e s h o l d - t e s t  p u l s e .  The 
shape  of a l l  p u l s e s  i s  s u b s t a n t i a l l y  r e c t a n g u l a r ,  hav ing  a r ise t i m e  o f  
approximately 0.2 microseconds,  a f l a t  p o r t i o n  o f  approx ima te ly  2 . 5  
microseconds d u r a t i o n ,  and a f a l l  t i m e  o f  approx ima te ly  0.2 microseconds.  
The amount o f  f l u x  t h a t  i s  p r e s e t  i n  S t e p  2 i s  c o n t r o l l e d  by v a r y i n g  t h e  
ampli tude of  t h e  p r e s e t  d r i v e  c u r r e n t  w h i l e  m a i n t a i n i n g  a c o n s t a n t  p u l s e  
w i d t h .  The f l u x  beg ins  t o  s w i t c h  as soon  as t h e  mmf has  r i s e n  above t h e  
t h r e s h o l d  (TH) and c o n t i n u e s  u n t i l  t h e  c u r r e n t  p u l s e  i s  t e r m i n a t e d .  The 
amount of f l u x  swi t ched  i n  S t e p  3 by t h e  test p u l s e  is s p e c i f i e d  and i s  
t y p i c a l l y  5 or 10 p e r c e n t  o f  t h e  t o t a l  c o r e  c a p a c i t y .  
* 
* 
T h i s  p u l s e  s p e c i f i c a t i o n  w a s  s e l e c t e d  because  i t  g i v e s  meaningful  d a t a  
f o r  t h e  s t o p p e r  l o g i c  c i r c u i t .  I f  o n e  w e r e  p r i m a r i l y  i n t e r e s t e d  i n  
m a t e r i a l  c h a r a c t e r i s t i c s  d i v o r c e d  from t h i s  c i r c u i t  a p p l i c a t i o n ,  a n o t h e r  
s p e c i f i c a t i o n  would have been a p p r o p r i a t e .  
1 4  
The p u l s e s  are a p p l i e d  t o  windings t h a t  each  have f o u r  t u r n s  
wound t i g h t l y  around t h e  t o r o i d .  The t u r n s  i n  a wind ing  are spaced  
around t h e  t o r o i d  s u c h  t h a t  each  t u r n  i s  s e p a r a t e d  from i ts  n e a r e s t  
ne ighbors  by 90'. 
tes t  are p l a c e d  s u c h  t h a t  t h e  t u r n s  on one wind ing  are a d j a c e n t  t o  t h e  
t u r n s  o f  t h e  o t h e r  two wind ings .  C a r e  i s  e x e r c i s e d  t o  m a i n t a i n  t h e  
t o r o i d  i n  a s t r a i n - f r e e  c o n d i t i o n .  
The t h r e e  windings f o r  c lear ,  p r e s e t ,  and t h r e s h o l d -  
Three c o r e s  f o r  which d a t a  a r e  p r e s e n t e d  are d e s c r i b e d  i n  
T a b l e  I ,  below, 
Tab le  I 
CORE DIMENSIONS AND FLUX CAPACITY 
Core 
I n d i a n a  General F2271 
U l t r a s o n i c a l l y  Cu t  from MC 129 
I n d i a n a  General  MC 129 
O . D .  I . D .  Height  2 or 
( m i l s )  ( m i l s )  ( m i l s )  (mV-Us) 
330 3 00 25  100 
330 300 25 90 
375 260 125 1800 
2 .  Core C h a r a c t e r i s t i c s - - E x p e r i m e n t a l  
F i g u r e s  3 ,  4,  and 5 a l l  apply t o  t h e  u l t r a s o n i c a l l y  c u t  s t o p p e r  
c o r e ,  t h e  t y p e  used i n  t h e  f e a s i b i l i t y  b readboard .  F i g u r e  3 shows t h e  
t h r e s h o l d  v a l u e s  i n  t h e  se t  
amount of p r e s e t  f l u x .  The 
L u i  z c x  p - e t  f l u x .  Note 
f l u x  are s p e c i f i e d  i n  terms 
f o r  t h i s  p a r t i c u l a r  c o r e  a t  
and clear d i r e c t i o n  as a f u n c t i o n  o f  t h e  
w e l l - c l e a r e d  t h r e s h o l d  i s  t h e  v a l u e  shown 
t h a t  t h e  t h r e s h o l d  v a l u e s  and t h e  p r e s e t  
of  switched f l u x  i n  m i i i i v z l t - m ~ r r o s e c o n d s ;  
room t e m p e r a t u r e  t h i s  i s  n u m e r i c a l l y  almost 
t h e  same as t h e  p e r c e n t  of t o t a l  f l u x  s w i t c h e d  ( t h i s  is a l s o  t r u e  f o r  
t h e  F2271 c o r e ) .  
I n  F i g .  3 ,  b o t h  5- and 10-mV-ps t h r e s h o l d s  are g iven .  I n  
a d d i t i o n  t o  t h e  magnitude of t h e  v a r i o u s  t h r e s h o l d s  t h e  shape  of  t h e  
TH c u r v e  i s  o f  p a r t i c u l a r  i n t e r e s t  and w i l l  be d i s c u s s e d  l a t e r .  The 
TH c u r v e s  l i e  below TH, a s  one e x p e c t s  f o r  a t y p i c a l  f e r r i t e .  These 
TH c u r v e s  are s u b s t a n t i a l l y  f l a t  f o r  p r e s e t  v a l u e s  between 30 and 60 




































*SEE TEXT FOR THRESHOLD DEFINITION 
1 I .  I I 1 1 
0 IO 20 30 4 0  50 60 
PRESET FLUX- mill ivolt-microseconds 
T I -  4687 - I  
FIG. 3 THRESHOLD CHARACTERISTIC OF ULTRASONICALLY CUT STOPPER 
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FIG. 4 THRESHOLD CHARACTER ISTIC OF ULTRASONICALLY CUT STOPPER 
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FIG. 5 SWITCHING CHARACTERISTIC OF ULTRASONICALLY CUT STOPPER CORE 
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FIG. 4 THRESHOLD CHARACTERISTIC OF ULTRASONICALLY CUT STOPPER 
CORE AT 0, 32, AND 100°C 
17 
t h e  time i n t e r v a l  d u r i n g  which f l u x  i s  p r e s e t  i n t o  t h e  c o r e  is d e c r e a s e d ,  
a new f a m i l y  of curves is o b t a i n e d .  With t h e  d e c r e a s e d  p r e s e t  time, b o t h  
TH and TH d e c r e a s e ;  f o r  example, i f  t h e  p r e s e t  t i m e  i s  d e c r e a s e d  from 
t h e  normal 2.5 microseconds t o  0.6 microseconds,  t h e  5-mV-ps v a l u e  for 
TH d e c r e a s e s  1 0  p e r c e n t ,  and TH d e c r e a s e s  15 p e r c e n t .  
PS PC 
PS PC 
F i g u r e  4 r e p e a t s  t h e  5 - ~ V - I L S  d a t a  p r e s e n t e d  i n  F ig .  3 f o r  32OC 
t e m p e r a t u r e  and a l s o  shows d a t a  f o r  O°C and 100°C.  
remains unchanged as t e m p e r a t u r e  i s  v a r i e d ,  b u t  t h e  t h r e s h o l d  v a l u e s  de- 
crease as t e m p e r a t u r e  i n c r e a s e s .  S i n c e  t h e  f l u x  c a p a c i t y  o f  t h e  c o r e  
v a r i e s  w i t h  t e m p e r a t u r e  t h i s  m u s t  be borne i n  mind i n  a n a l y z i n g  t h e s e  
d a t a .  
32OC v a l u e  of  9 0  mV-lis. 
The form of  t h e  c u r v e s  
A t  100°C t h e  f l u x  c a p a c i t y  has  dec reased  t o  70 mV-ps from i t s  
F i g u r e  5 shows t h e  s w i t c h i n g  c h a r a c t e r i s t i c  c u r v e s  f o r  t h i s  
same c o r e ,  w i t h  t e m p e r a t u r e  as t h e  parameter .  These d a t a  were t a k e n  i n  
t h e  c o n v e n t i o n a l  manner. The c l e a r  p u l s e  w a s  t h e  same r e c t a n g u l a r  p u l s e  
w i t h  a 16-ampere-turn magnitude; however, t h e  w i d t h  of  t h e  set p u l s e  w a s  
a d j u s t e d  t o  be g r e a t e r  t h a n  t h e  s w i t c h i n g  t i m e  t o  permit  t h e  c o r e  t o  
c o m p l e t e l y  s w i t c h  from one remanent s t a t e  t o  t h e  o t h e r .  
F i g u r e s  6, 7 ,  and 8 g i v e  d a t a  f o r  t h e  F2271 t o r o i d  t a k e n  under 
t h e  same c o n d i t i o n s  as f o r  t h e  u l t r a s o n i c a l l y  c u t  t o r o i d .  Comparing t h e  
d a t a  f o r  t h e  two c o r e s  w e  see t h a t  t h e  w e l l - c l e a r e d  t h r e s h o l d ,  t h e  
s w i t c h i n g  c o n s t a n t ,  t h e  t h r e s h o l d  de f ined  by e x t r a p o l a t i n g  t h e  s w i t c h i n g  
c u r v e  t o  t h e  o r d i n a t e ,  and t h e  f l u x  c a p a c i t y  (Table  I )  are a l l  e s s e n t i a l l y  
t h e  same f o r  t h e  two c o r e s .  Note t h a t  t h e s e  pa rame te r s  are o n e s  t h a t  
r e l a t e  t o  complete  s w i t c h i n g  of  t h e  co re  r a t h e r  t h a n  p a r t i a l  s w i t c h i n g .  
By comparing o n l y  t h e s e  pa rame te r s  one  would s a y  t h a t  t h e s e  two c o r e s  
are as a l i k e  as one  would expec t  from two c o r e s  s e l e c t e d  a t  random from 
t h e  same p r o d u c t i o n  l o t .  However, t h e  parameters a p p l i c a b l e  t o  t h e  
cores when i n  a p a r t i a l l y  set  condition--namely, TH and TH --show a 
c o n s i d e r a b l e  d i f f e r e n c e  between t h e  two cores. For  t h e  u l t r a s o n i c a l l y  
c u t  core, TH i n c r e a s e s  as a f u n c t i o n  of  p r e s e t  f l u x  w h i l e  f o r  t h e  
p r e s s e d  core TH a t  f i r s t  d e c r e a s e s  and t h e n  i n c r e a s e s .  Fu r the rmore ,  
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FIG. 6 THRESHOLD CHARACTERISTIC OF PRESSED STOPPER CORE AT 32°C 
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t h e y  are for t h e  u l t r a s o n i c a l l y  c u t  core. I t  is i m p o r t a n t  t o  r e a l i z e  
t h a t  t h e  s t o p p e r  l o g i c  c i r c u i t  makes u s e  of  b o t h  TH and TH i n  i t s  
o p e r a t i o n ;  t h i s  f e a t u r e  i s  d i s c u s s e d  i n  t h e  f o l l o w i n g  s e c t i o n  of t h i s  
r e p o r t .  
PS PC 
One might n a t u r a l l y  a s k  i f  t h e  u l t r a s o n i c a l l y  c u t  core has  i n  
Some P e c u l i a r  manner ach ieved  an  enhancement i n  TH t h a t  i t  is n o t  
p o s s i b l e  to  g e t  i n  a c o n v e n t i o n a l  p r e s s e d  core.  The answer t o  t h i s  i s  
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FIG. 9 THRESHOLD CHARACTERISTICS OF 5-4 TOROIDS AT 32OC 
c o r e  and a l s o  normalized p o i n t s  f o r  MC 113 and MC 117 t o r o i d s ,  The 
n o r m a l i z a t i o n  i s  w i t h  r e s p e c t  t o  t h e  average d i a m e t e r s  of t h e  t o r o i d s .  
The MC 113 i s  a 50-80 t o r o i d  and t h e  MC 117 i s  a 30-50 t o r o i d ;  b o t h  are 
made from S-4 material as i s  t h e  MC 129. 
To o u r  knowledge t h i s  enhancement f e a t u r e  h a s  not  been p o i n t e d  
o u t  i n  t h e  l i t e r a t u r e ,  a l t h o u g h  t h e  i n v e r s e  o f  t h i s  c h a r a c t e r i s t i c  h a s  
been used t o  advantage i n  c e r t a i n  m u l t i p a t h  magnet ic  c i r c u i t s  ( t h e  i n -  
v e r s e  e f f e c t  per ini ts  t h e  use of  O *  as  a g a i n  r n e ~ h a n i s m ) . ~  We have made 
experiments  o t h e r  t h a n  t h o s e  d e s c r i b e d ,  t o  v e r i f y  t h a t  t h i s  enhancement 
o f  TH i s  not an anomaly p e c u l i a r  t o  t h e  u l t r a s o n i c a l l y  c u t  s t o p p e r  
c o r e s .  I n  f a c t ,  d u r i n g  t h i s  r e p o r t  w r i t i n g  p e r i o d  c o n c l u s i v e  e v i d e n c e  
h a s  e s t a b l i s h e d  t h a t  i t  i s  not  an anomaly. Th i s  e v i d e n c e  almost  makes 
some of  t h e  p rev ious  d i s c u s s i o n  and f i g u r e s  o b s o l e t e ,  b u t  t h e y  are re- 
t a i n e d  f o r  comple t eness .  The p e r t i n e n t  experiment  i s  t h e  f o l l o w i n g :  
S e v e r a l  of t h e  p r e s s e d  c o r e s ,  F2271, were p l a c e d  i n  an oven and s l o w l y  
hea t ed  t o  approximately 1 0 0 0 ° C  i n  an a i r  atmosphere,  and w e r e  t h e n  s l o w l y  
coo led .  A f t e r  th is  t r e a t m e n t ,  t h e  c o r e s  were t e s t e d  f o r  f l u x  c a p a c i t y ,  
TH, TH TH and s w i t c h i n g  c h a r a c t e r i s t i c  as d e s c r i b e d  above. The 
impor t an t  f e a l  ures 01' a l l  t h e s e  c h a r a c t e r i s t i c s  were changed and found 
t o  be t h e  same o r  b e t t e r  t h a n  t h o s e  o f  t h e  u l t r a s o n i c a l l y  c u t  s t o p p e r  
c o r e !  S p e c i f i c a l l y ,  t h e  ave rage  of  t h e  p a r t i a l l y  s w i t c h e d  t h r e s h o l d s ,  
1/2(THps + TH 
c o r e .  Time has not p e r m i t t e d  a p r o p e r  assessment  of t h i s  new develop-  
ment, but i t s  s i g n i f i c a n c e  is  o b v i o u s .  The nex t  s t e p  t h a t  i s  planned i s  
t o  r e p e a t  t h e  h e a t  t r e a t m e n t  i n  a more c o n t r o l l e d  f a s h i o n . '  
c h a r a c t e r i s t i c  o b t a i n e d  a f l . e r  h e a t  t r e a t m e n t  is shown i n  F ig .  1 0  f o r  
Comparison t o  t h e  normal F2271 c o r e  and t o  t h e  u l t r a s o n i c a l l y  c u t  c o r e .  
PS 
ps '  pc '  
), i s  40 p e r c e n t  g r e a t e r  t h a n  t h a t  o f  t h e  o r i g i n a l  p r e s s e d  
PC 
The t h r e s h o l d  
Because of  t h e  importance o f  b o t h  TH and TH t o  t h e  o p e r a t i o n  
PS PC 
o f  t h e  s t o p p e r  c i r c u i t ,  measurements w e r e  made o n  a number o f  d i f f e r e n t  
t y p e s  of 30-50 and 50-80 memory c o r e s  from d i f f e r e n t  m a n u f a c t u r e r s .  Some 
4 0  c o r e s  were t e s t e d ,  t h e i r  s e l e c t i o n  b e i n g  based  upon what w e  cou ld  
r e a d i l y  o b t a i n .  These coiys  were t e s t e d  i n  a maiiner s i m i l a r  t o  t h a t  
.t 
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d e s c r i b e d  above excep t  t h a t  t h e  p a r t i a l l y  set t h r e s h o l d s  w e r e  measured 
at t h e  50 p e r c e n t  p r e s e t  l e v e l  o n l y .  For  each  core t h e  ave rage  o f  t h e  
p a r t i a l  swi t ched  t h r e s h o l d s  w a s  compared t o  t h e  ave rage  f o r  t h e  S-4 
memory cores. Ten o f  t h e  f o r t y  c o r e s  have a n  ave rage  t h r e s h o l d  v a l u e  
t h a t  i s  g r e a t e r  t h a n  i t  is  f o r  t h e  S-4 c o r e s .  These t e n  a l l  show a 
g r e a t e r  p a r t i a l  set d i r e c t i o n  enhancement t h a n  do t h e  S4 c o r e s .  W e  
have o n l y  l i m i t e d  i n f o r m a t i o n  on t h e  compos i t ion  o f  t h e s e  f e r r i t e s ,  bu t  
w e  t e n t a t i v e l y  conclude t h a t  t h e  a d d i t i o n  o f  z i n c  t o  a n  Mg-Mn f e r r i t e  
i s  u n d e s i r a b l e .  A few l i t h i u m  f e r r i t e  cores were t e s t e d ;  none o f  them 
showed enhancement, W e  conclude from t h e s e  memory c o r e  measurements 
t h a t  S-4 w a s  n e i t h e r  t h e  b e s t  n o r  t h e  w o r s t  c h o i c e  t o  have made, and w e  
expect  t h a t  a s i g n i f i c a n t  i n c r e a s e  i n  c i r c u i t  o p e r a t i n g  r ange  c a n  be  
achieved by u s i n g  a d i f f e r e n t  f e r r i t e  m a t e r i a l .  
3 .  E f f e c t s  of  Core C h a r a c t e r i s t i c s  on C i r c u i t  and Mechanical Design 
The o p e r a t i o n  of t h e  s t o p p e r  c i r c u i t  i s  dependent upon t h e  
t h r e s h o l d  c h a r a c t e r i s t i c s  of t h e  s t o p p e r  c o r e s .  As shown i n  t h e  s e c t i o n  
above, t h e  c o r e s  c u t  u l t r a s o n i c a l l y  from I n d i a n a  General  MC 129 S-4 
t o r o i d s  e x h i b i t e d  a change i n  t h e  t h r e s h o l d  a s s o c i a t e d  w i t h  t h e i r  par-  
t i a l l y  swi t ched  f l u x  s t a t e .  T h e i r  p a r t i a l  c lear  t h r e s h o l d  i s  somewhat 
less t h a n  t h e i r  t h r e s h o l d  when w e l l  c l e a r e d ;  however, t h e i r  p a r t i a l  set 
t h r e s h o l d  i s  greater t h a n  t h a t  when t h e y  are w e l l  c l e a r e d .  I n  magnet ic  
l o g i c  c i r c u i t s  t h e  l o w e r i n g  o f  t h e  t h r e s h o l d  i s  g e n e r a l l y  an u n d e s i r a b l e  
e f f e c t ,  s i n c e  i t  r educes  t h e  o p e r a t i n g  r ange .  I n  t h e  s t o p p e r  c i r c u i t s ,  
however, t h e  two s t o p p e r  c o r e s  a r e  coup led  t o g e t h e r  by two c o u p l i n g  
loops--the s t o p p e r  l o o p  and t h e  f l u x  s o u r c e  l o o p .  The e f f e c t  o f  t h e s e  
t w o  loops is t o  cause t h e  c i r c u i t  t o  be  dependent  upon t h e  ave rage  
c h a r a c t e r i s t i c s  of t h e  two s t o p p e r  c o r e s .  I t  i s  t h i s  e f f e c t  which com- 
p e n s a t e s  f o r  t h e  r e d u c t i o n  i n  t h e  t h r e s h o l d  o f  t h e  one s t o p p e r  by t h e  
i n c r e a s e  i n  t h r e s h o l d  o f  t h e  o t h e r  s t o p p e r  core. T h i s  compensat ion 1s 
e f f e c t i v e  a t  t h e  t i m e  i n f o r m a t i o n  i s  t r a n s f e r r e d  o u t  of a s t a g e .  The 
new p res sed  c o r e s ,  I n d i a n a  General  F2271, have a w e l l  c l e a r e d  t h r e s h o l d  
e s s e n t i a l l y  t h a t  of t h e  u l t r a s o n i c a l l y  c u t  c o r e s .  The p a r t i a l  c lear  
t h r e s h o l d  is somewhat l ower  (10  p e r c e n t  t o  2 0  p e r c e n t )  b u t  t h e  p a r t i a l  
set t h r e s h o l d  i s  below t h e  w e l l - c l e a r e d  t h r e s h o l d  and t h e r e f o r e  p r o v i d e s  
26  
l i t t l e  compensat ion.  The average  t h r e s h o l d s  of  bo th  t h e  u l t r a s o n i c a l l y  
c u t  and p r e s s e d  c o r e s  as  a f u n c t i o n  of  both t h e  ZERO and ONE l e v e l  are 
shown i n  F i g s .  11 and 12.  I n  o r d e r  t o  achieve  s u b s t a n t i a l  compensat ion,  
t h e  f o l l o w i n g  s p e c i a l  c o n d i t i o n s  must e x i s t :  t h e  impedance of t h e  f l u x  
s o u r c e  l o o p  must be l o w ,  t h e  t h r e s h o l d ( s )  o f  t h e  f l u x  s o u r c e  c o r e s  must 
no t  be  exceeded by t h e  compensation c u r r e n t  caused t o  flow i n  t h e  f l u x  
s o u r c e  loop ,  t h e  impedance o f  t h e  s t o p p e r  loops  must be  low, and t h e  
p a r t i a l l y  swi tched  c h a r a c t e r i s t i c s  of t h e  s t o p p e r  c o r e s  must e x h i b i t  a 
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The e f f e c t s  of l e a k a g e  f l u x  a t  c lear  t i m e  have been found t o  
lower t h e  s t o p p e r  c o r e  t h r e s h o l d s .  T h i s  o c c u r s  because  o f  t h e  l o s s e s  
i n  the  f l u x  s o u r c e  l o o p  which r e s u l t s  i n  less f l u x  b e i n g  set i n  t h e  
s t o p p e r  c o r e s  t h a n  t h a t  s w i t c h e d  i n  t h e  f l u x  s o u r c e  c o r e  by t h e  advance 
d r i v e  p u l s e .  When a l l  c o r e s  are c l e a r e d  a t  c l e a r  t i m e ,  t h e  f l u x  s o u r c e  
l o o p  l o s s e s  are less.  A s  a r e s u l t ,  t h e  s t o p p e r  cores r e a c h  t h e i r  c lear  
s t a t e  b e f o r e  t h e  f l u x  s o u r c e  c o r e .  The f l u x  s o u r c e  c o r e  m u s t  t h e n  com- 
p l e t e  i t s  s w i t c h i n g  by i n d u c i n g  a l a r g e  c u r r e n t  i n  t h e  f l u x  s o u r c e  loop .  
T h i s  c u r r e n t  r e s u l t s  i n  a s o f t e n i n g  o f  t h e  t h r e s h o l d s  o f  t h e  s t o p p e r  
c o r e s ,  I t  has  been found t h a t  t h i s  e f f e c t  can  be  e l i m i n a t e d  by e i t h e r  
of two approaches:  a p p l y i n g  a p o s t  c l ea r  p u l s e ,  o r  a p p l y i n g  t h e  advance 
2 8  
. 
d r i v e  p u l s e  t o  t h e  s t o p p e r  cores r a t h e r  t han  t h e  f l u x  s o u r c e  c o r e s .  I n  
t h e  l a t t e r  c a s e  t h e  f l u x  s o u r c e  (now a s i n k )  c o r e  serves t h e  same func- 
t i o n  as b e f o r e - - i . e . ,  l i m i t i n g  t h e  f l u x  set  i n t o  t h e  s t o p p e r  pair--but  
i t  accomplishes  t h i s  by  v i r t u e  o f  t h e  l o w  impedance of  t h e  c o u p l i n g  l o o p  
when t h e  f l u x  " s ink"  c o r e  s a t u r a t e s .  
C. L i m i t a t i o n s  o f  Number o f  Analog Channels 
The f a c t  t h a t  a l o g i c a l  OR i s  used t o  connect  t h e  o u t p u t s  o f  a l l  o f  
t h e  c h a n n e l s  t o  a s i n g l e - s e n s e  a m p l i f i e r  n a t u r a l l y  raises t h e  q u e s t i o n  o f  
t h e  l i m i t a t i o n  on t h e  number o f  channe l s  t h a t  may be  so connec ted .  The 
l i m i t a t i o n s  c o n s i d e r e d  h e r e  are c o n f i n e d  t o  t h o s e  e f f e c t i v e  f o r  t h e  
p r e s e n t  l o g i c  c i r c u i t s .  Methods f o r  c o n n e c t i n g  groups o f  channe l s  e i t h e r  
by means of  i s o l a t i n g  semiconductor  c i r c u i t s  or a d d i t i o n a l  magnet ic  l o g i c  
c i r c u i t s  w i l l  no t  be  t r e a t e d .  
The c i r c u i t  used t o  OR t h e  o u t p u t s  of t h e  c h a n n e l s  t o  t h e  s i n g l e  
i n p u t  of  t h e  s e n s e  a m p l i f i e r  is a ser ies  c o n n e c t i o n  o f  t h e  o u t p u t  windings 
of  t h e  Balanced Magnetic Comparator a s s o c i a t e d  w i t h  e a c h  channe l .  The 
l i m i t a t i o n s  i n  t h e  number of  channe l s  t h a t  may be  so connec ted  are due 
t o  t h e  c u m u l a t i v e  e f f ec t  of  n o i s e  i n t r o d u c e d  a t  e a c h  OFF channe l  and 
u l t i m a t e l y  t h e  d i s p e r s i o n  of t h e  s i g n a l  due t o  non-ideal  t r a n s m i s s i o n -  
l i n e  c h a r a c t e r i s t i c s .  The n a t u r e  o f  t h e s e  f a c t o r s  makes them q u i t e  de- 
pendent  upon t h e  p h y s i c a l  c h a r a c t e r i s t i c s  o f  t h e  c i r c u i t  and f o r  t h i s  
r e a s o n  t h e y  c a n  be de t e rmined  o n l y  by t e s t i n g  o f  t h e  c i r c u i t s  t hemse lves .  
inia W z  zzt p e s c i h l e  d u r i n g  t h i s  phase as a r e s u l t  o f  t h e  core problem 
mentioned above. The p o s s i b l e  s o u r c e s  o f  n o i s e  c a n  be d e l l n e a i e d ,  k~.v- 
e v e r .  These are: p a r t i a l  s e t t i n g  of t h e  ba l anced  p a i r  o f  a n  OFF channe l ,  
d i f f e r e n t  s a t u r a t i o n  p e r m e a b i l i t i e s  e s t a b l i s h e d  i n  a ba l anced  p a i r  by t h e  
a c t i o n  of t h e  measurand and weight  c u r r e n t s ,  and i n d u c t i v e  and c a p a c i t i v e  
c o u p l i n g  between t h e  d r i v e  and o u t p u t  windings.  
__ 
The o c c u r r e n c e  of p a r t i a l  s w i t c h i n g  of  a ba lanced  p a i r  of an OFF 
channe l  i s  a n  i n d i c a t i o n  t h a t  t h e  c l i p p e r  c o r e  has  i n s u f f i c i e n t  f l u x  
c a p a c i t y .  T h i s  would b e  a c i r c u i t  d e s i g n  f a u l t  and would r e q u i r e  a 
l a r g e r  f l u x  c a p a c i t y  o f  t h e  c l i p p e r .  
i n  t h e  s a t u r a t i o n  p e r m e a b i l i t y  arises as f o l l o w s :  
The n o i s e  produced by t h e  d i f f e r e n c e s  
The ba lanced  p a i r  of . 
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each o f f  channe l  are i n  t h e i r  cleared s t a t e  d u r i n g  sampl ing  o f  a se- 
l e c t e d  channe l .  I n  t h e  absence o f  measurand and weight  c u r r e n t s  t h e y  
would remain at t h e  remanent p o i n t  on t h e i r  h y s t e r e s i s  cu rve ,  as shown 
by t h e  s o l i d  do t  i n  F i g .  13. The r e s u l t a n t  o f  t h e  measurand and we igh t  
c u r r e n t s  w i l l  apply an MMF t h a t  d i s p l a c e s  t h e  s t a t e  o f  e a c h  c o r e  i n  d i f -  
f e r e n t  d i r e c t i o n s  from t h i s  remanent s t a t e .  Th i s  i s  shown by t h e  open 
CLEAR STATE REMANENCE 
T A - 4 6 8 7 - 1 5  
CLEAR CORE A 
CLEAR CORE B I \CLEAR 
FIG. 13 DISPLACEMENT NOISE IN OFF CHANNEL 
c i rc les  i n  t h e  f i g u r e .  The p e r m e a b i l i t y  ( s l o p e  of  t h e  c u r v e )  o f  t h i s  
s a t u r a t i o n  p o r t i o n  o f  t h e  c o r e  c h a r a c t e r i s t i c  c u r v e  i s  n o t  c o n s t a n t .  
When both c o r e s  are c l e a r e d ,  t h e  f l u x  change i n  e a c h  c o r e  i s  d i f f e r e n t  
by a sma l l  amount, T h i s  d i f f e r e n c e  w i l l  a p p e a r  as a n o i s e  s i g n a l  on t h e  
o u t p u t  winding of  t h e  ba l anced  p a i r .  The magnitude o f  t h i s  s i g n a l  i s  
small  f o r  one channe l  and i t  i s  a f u n c t i o n  of t h e  magnitude o f  t h e  d i s -  
placement from remanence. T h i s  d i s p l a c e m e n t  v a r i e s  f r o m  channe l  t o  
channe l  and a l s o  from sample t o  sample and t h e r e f o r e  i s  s u b j e c t  t o  
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s t a t i s t i c a l  t rea tment .  The noise  g e n e r a t e d  by t h e  i n d u c t i v e  and capa- 
c i t i v e  c o u p l i n g  i s  t h e  most v a r i a b l e  and l e a s t  amenable t o  q u a n t i t a t i v e  
a n a l y s i s .  T h i s  n o i s e  is h i g h l y  dependent  on t h e  mechanical  d e s i g n .  A l -  
though i t  i s  no t  p o s s i b l e  t o  de t e rmine  i t s  magnitude a p r i o r i ,  i t  is 
p o s s i b l e  t o  r educe  t h e  magnitude o f  t h i s  n o i s e  th rough  t h e  i n t r o d u c t i o n  
o f  a noise-bucking s i g n a l .  
D. R e l i a b i l i t y  Flow Diagram 
A r e l i a b i l i t y  flow diagram p r o v i d e s  a means f o r  making a compara t ive  
e v a l u a t i o n  o f  a system. I t  c o n s i s t s  o f  a group o f  r e c t a n g l e s  or b l o c k s  
connec ted  i n  series and p a r a l l e l ,  as determined by t h e  r e l a t i o n  o f  t h e  
f a i l u r e  o f  a p a r t  t o  t h e  s u c c e s s f u l  o p e r a t i o n  o f  t h e  system, or t o  p a r t  
of t h e  sys t em,  Each r e c t a n g l e  r e p r e s e n t s  a group o f  p a r t s  t h a t  are 
a s s o c i a t e d  t o g e t h e r ;  any one  p a r t  i n  t h e  b l o c k  i s  e s s e n t i a l  for t h e  
o p e r a t i o n  o f  t h e  p o r t i o n  o f  t h e  system r e p r e s e n t e d  by t h e  b lock- - i . e . ,  
a f a i l u r e  o f  o n e  p a r t  means t h a t  t h e  e n t i r e  b l o c k  f a i l s  t o  o p e r a t e .  I f  
t w o  b l o c k s  are connected i n  series it means b o t h  must o p e r a t e  f o r  t h a t  
b ranch  o f  t h e  diagram t o  be  o p e r a b l e ,  and, t h e r e f o r e ,  t h e s e  t w o  b l o c k s  
c a n  be  merged i n t o  one.  A p a r a l l e l  c o n n e c t i o n  i n d i c a t e s  t h a t  t h e  opera-  
t i o n  o f  e i t h e r  one o r  b o t h  b l o c k s  pe rmi t s  o p e r a t i o n  o f  t h a t  b ranch  of 
t h e  diagram. For  e a c h  b l o c k  i n  t h e  diagram a r e l i a b i l i t y  number ( t h e  
p r o b a b i l i t y  of  s u c c e s s )  i s  a s s igned ,  and by t h i s  means t h e  r e l i a b i l i t y  
o f  t h e  e n t i r e  s y s t e m  i s  c a l c u l a t e d .  
coun t "  approach i u  ;szigci n c  r e l i a b i l i t y  numbers t o  each  b lock .  T h i s  
c o n s i s t s  o f  c o u n t i n g  t h e  number o f  l i k e  p a r t s  ( e . g . ,  solder j w i z t c ,  
t r a n s i s t o r s )  and m u l t i p l y i n g  e a c h  number by t h e  f a i l u r e  ra te  f o r  t h a t  
P a r t  and summing t o  f i n d  t h e  f a i l u r e  ra te  f o r  t h e  b l o c k  (we assume t h e  
e x p o n e n t i a l  r e l i a b i l i t y  l a w  i s  a p p l i c a b l e ) .  
I n  o u r  case h e r e ,  w e  u s e  t h e  " p a r t s  
1. Ana lys i s  of Breadboard 
The r e l i a b i l i t y  flow diagram f o r  t h e  f e a s i b i l i t y  b readboard  
deve loped  i n  Phase 11 o f  t h i s  c o n t r a c t  i s  shown i n  F i g .  14.  For t h i s  
diagram, "success" for t h e  s y s t e m  i s  d e f i n e d  as a c h i e v i n g  s e v e n - b i t  
d i g i t i z a t i o n  o f  t h e  input: p r e s e n t e d  t o  one  ba lanced  magnet ic  comparator .  
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FIG. 14 RELIABILITY FLOW DIAGRAM 
t o  a p a r t i c u l a r  BMC must be p r e s e n t .  ( A  more complex diagram c o u l d  be 
drawn t h a t  would c o n s i d e r  t h e  d e t e c t i o n  and p r o c e s s i n g  o f  o n l y  one  o f  
t h e  seven b i t s  i n  a d i g i t a l  channe l  as s u c c e s s ,  b u t  t h i s  c o m p l i c a t i o n  
i s  unwarranted, as  w i l l  be a p p a r e n t  s h o r t l y ) .  
The b l o c k s  l a b e l e d  1 t h r o u g h  6, A t h r o u g h  F, and S and S2 1 
i d e n t i f y  t h e  BMC'S i n  t h e  f i g u r e .  (To be  more p r e c i s e ,  t h e s e  b l o c k s  do 
not  i n c l u d e  t h e  BMC o u t p u t  s e n s e  wind ings  or t h e  BMC weight  c u r r e n t  
windings because a f a i l u r e  i n  t h e s e  would cause t h e  e n t i r e  s y s t e m  t o  
f a i l . )  The b l o c k  l a b e l e d  X '  and t h e  o n e  l a b e l e d  X f f  are e a c h  p o r t i o n s  
of t h e  d i g i t  channe l  d e t e c t o r  c i r c u i t .  I t  i s  n e c e s s a r y  t o  s p l i t  t h i s  
c i r c u i t  i n t o  two b locks  because  t h e  s y s t e m  o p e r a t i o n  depends upon i ts  
mode of f a i l u r e ,  I f  i t  f a i l s  i n  a manner t h a t  r e s u l t s  i n  t h e  p u l s e  
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('r2) always be ing  p r e s e n t ,  t h e n  on ly  t h e  analog channel  i n f o r m a t i o n  can  
. be p rocessed ;  i f  ( T  ) i s  never  p r e s e n t ,  then  on ly  t h e  d i g i t a l  channel  
2 
i n fo rma t ion  can  be  processed .  
BMC s 
1 through D 
and E through S2 
A t a b u l a t i o n  of  t h e  number of p a r t s  t h a t  a r e  r e p r e s e n t e d  by 
each  b lock  i s  l i s t e d  i n  Tab le  11. I t  is apparent  from t h i s  t a b l e  t h a t  
t h e  r e l i a b i l i t y  of  t h e  e n t i r e  s y s t e m  is e s s e n t i a l l y  t h e  same as t h e  
r e l i a b i l i t y  of b lock  Y. The c o n t r i b u t i o n  of b lock  X I  or X I '  and one of  
F e r r i t e  t o r o i d s  70 
S o l d e r  j o i n t s  40 
Table  I1 
PARTS COUNT 
I Blocks i n  F in .  14  I P a r t s  I NO. of  P a r t s  1 
Blocks X' and X" 
Block Y 
F e r r i t e  t o r o i d s  
S o l d e r  j o i n t s  
F e r r i t e  t o r o i d s  
S o l d e r  j o i n t s  
Trans  is t o r s 
Diodes 
C a p a c i t o r s  











t h e  f o u r t e e n  BMC's t o  t h e  c a l c u l a t i o n  is so s m a l l  compared t o  t h a t  of  
biuc;: 'I thz t  w e  group a l l  of t h e  components t o g e t h e r  f o r  t h e  c a l c u l a -  
t i o n  t o  fo l low.  
t h e  d i g i t i z a t i o n  of a l l  channe l s .  The r e s u l t s  shown i n  Table  I11 a r e  
based  upon t h i s  d e f i n i t i o n ,  and t h e  f a i l u r e  r a t e  f o r  t h e  s y s t e m  i s  
271 X f a i l u r e s  p e r  hour .  Th i s  cor responds  t o  an 88.5-percent  
p r o b a b i l i t y  of  s u c c e s s  f o r  a f ive -yea r  mis s ion .  One s a l i e n t  p o i n t  shown 
by t h i s  t a b u l a t i o n  i s  t h a t  one component, t h e  t u n i n g  f o r k ,  c o n t r i b u t e s  
more t h a n  o n e - t h i r d  of t h e  t o t a l  s y s t e m  f a i l u r e  rate! Another s a l i e n t  
p o i n t  i s  t h a t  t h e  semiconductors  c o n t r i b u t e  a n o t h e r  one - th i rd  t o  t h e  
t o t a l  f a i l u r e  ra te .  On t h e  b a s i s  of t h i s  a n a l y s i s  t h e  t u n i n g  f o r k  and 
semiconductors  a r e  t a r g e t s  f o r  f u t u r e  work t h a t  i s  aimed a t  i n c r e a s i n g  
re l i  a b i  l it  y . 
This  i s  t h e  same as r e d e t i n i u g  " z y z t c ~ ~ n  success1 '  as b e i n g  
Tab le  111 
SYSTEM RELIABILITY SUMMARY 
P a r t  Type 
Tuning f o r k  
T r a n s i s t o r s ,  s i l i c o n  
p l a n a r  
Diodes,  s i l i c o n  
( g l a s s  t y p e )  
S o l d e r  j o i n t s  
C a p a c i t o r s ,  poly- 
c a r b o n a t e ,  mica, and 
ce ramic  
R e s i s t o r s ,  c a r b o n  
composi t ion 
T o r o i d s ,  f e r r i t e  
TOTAL FAILURE RATE 
No. o f  








F a i l u r e s  p e r  
l o8  Hours* 




0 .01  
0 .2  
0 . 1  
0 .01  5 
F a i l u r e s  p e r  
p e r  P a r t  Type 
100 








-8 A = 271 X 10 f a i l u r e s  p e r  hour  
MTBF = 1/), = 369,000 hour s  
P r o b a b i l i t y  of  m i s s i o n  success f o r  f i v e - y e a r  
pe r iod  = e-ht = 88.6% 
* 
These f a i l u r e  ra tes  were s u p p l i e d  by NASA-Langley f o r  t h i s  e v a l u a t i o n .  
They a r e  based on h i g h  component r e l i a b i l i t y  employing 100 p e r c e n t  
s c r e e n i n g  f o r  known weaknesses ,  approved d e r a t i n g  p o l i c i e s  ( s t r e s s  
l e v e l  assumed t o  be  50 p e r c e n t ) ,  and approved f a b r i c a t i o n  t e c h n i q u e s .  
F a i l u r e  ra tes  co r re spond  t o  65OC (5OoC m a x i m u m  ambient and 15OC t e m -  
p e r a t u r e  rise for p a r t ) .  
No f i g u r e  known--assumes worst case. t 
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I t  i s  i n s t r u c t i v e  t o  break  t h e  t o t a l  sys tem i n t o  p a r t s  t o  make 
comparat ive r e l i a b i l i t y  eva lua t ions  of one p o r t i o n  versus  a n o t h e r ,  and 
of one Implementat ion of a p o r t i o n  v e r s u s  a n o t h e r  implementa t ion .  S i n c e  
t h e r e  was a c o n s i d e r a b l e  p r o j e c t  e f f o r t  d i r e c t e d  a t  deve lop ing  d r i v e r s  
t h a t  minimized t h e  number of semiconductors ,  l e t  u s  compare t h e  p a r t  
count  r e l i a b i l i t y  of a l l  t he  l o g i c  d r i v e r s  when implemented by m u l t i -  
p u l s e  d r i v e r s  and when implemented by t r a n s i s t o r i z e d  d r i v e r s .  For t h e  
comparison w e  w i l l  e s t i m a t e  t h e  p a r t s  t h a t  would be r e q u i r e d  t o  imple-  
ment L by a m u l t i p u l s e  t echn ique .  The r e s t  of t h e  m u l t i p u l s e  d r i v e r  
p a r t s  w i l l  be counted a s  r e a l i z e d  i n  t h e  f e a s i b i l i t y  breadboard .  For 
e s t i m a t i n g  t h e  p a r t s  r e q u i r e d  f o r  t he  t r a n s i s t o r i z e d  v e r s i o n  w e  assume 
t h a t  i t  t a k e s  one t r a n s i s t o r ,  one d i o d e ,  and one r e s i s t o r  f o r  each  
p u l s e  g e n e r a t e d ,  e x c e p t  f o r  L where t h e  a c t u a l  count  i n  t h e  breadboard 
w i l l  be used .  The assumptions w e  are making h e r e  pu t  t h e  t r a n s i s t o r i z e d  
v e r s i o n  i n  a s  f a v o r a b l e  a l i g h t  a s  p o s s i b l e  w h i l e  f o r  t he  m u l t i p u l s e  i t  
is j u s t  t h e  reverse.  Table  I V  summarizes t h i s  comparison.  The t o t a l  
c o n t r i b u t i o n  t o  t h e  f a i l u r e  ra te  of t h e  s y s t e m  t h a t  t h e  t r a n s i s t o r i z e d  




Table  I V  
P a r t  Type 
T r a n s i s t o r s  
Diodes 
R e s i s t o r s  
C a p a c i t o r s  
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e Version 
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T r a n s i s t o r i z e d  Vers ion  
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makes is  twice t h a t  for t h e  m u l t i p u l s e  v e r s i o n  even for t h i s  weighted 
comparison.  A d d i t i o n a l l y ,  w e  t h i n k  t h a t  a f u r t h e r  d e c r e a s e  i n  t h e  
number of t r a n s i s t o r s  is  p o s s i b l e  f o r  t h e  m u l t i p u l s e  v e r s i o n .  Th i s  
comparison s u p p o r t s  o u r  hypo thes i s  t h a t  t h e  m u l t i p u l s e  d r i v e r  would 
s i g n i f i c a n t l y  i n c r e a s e  s y s t e m  r e l i  abi l i t  y . 
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E. Semiconductor Redundancy 
Minimizing t h e  use  o f  semiconductors  has  been a g o a l  t h roughou t  
t h i s  work. The ph i losophy  has  been t h a t  w i t h  fewer  semiconduc to r s ,  re- 
dundancy becomes t r a c t a b l e .  The s y s t e m  as r e p r e s e n t e d  i n  t h e  f e a s i b i l i t y  
breadboard of  Phase I1 h a s  45 t r a n s i s t o r s  and 40 d i o d e s .  T h i s  number c a n  
be f u r t h e r  reduced,  and w e  have some s p e c i f i c  i d e a s  on how t h i s  might b e  
. accomplished. However, t h e  purpose of t h i s  s e c t i o n  of  t h e  r e p o r t  is t o  
examine t h e  sys t em as i t  i s  p r e s e n t l y  implemented t o  see how redundancy 
can be  a p p l i e d  and t o  see what b e n e f i t  and c o m p l i c a t i o n s  a c c r u e  as a 
r e s u l t  . 
One good way t o  i n c r e a s e  t h e  s y s t e m  r e l i a b i l i t y  i s  t o  use  s t andby  
redundancy wherein one u n i t  or one  group of  u n i t s  i s  s w i t c h e d  o u t  of  t h e  
system and a n o t h e r  swi t ched  i n  upon f a i l u r e  of  t h e  f i r s t .  T h i s  approach 
r e q u i r e s  e r r o r  d e t e c t i o n ,  a communications l i n k  t o  a c t i v a t e  t h e  swi t ch -  
o v e r  d e v i c e ,  and t h e  s w i t c h  i t s e l f .  Because t h i s  form of redundancy 
r e q u i r e s  a communications l i n k  and e r r o r  d e t e c t i o n ,  i t  i n v o l v e s  more t h a n  
t h i s  "system" p e r  s e  and t h e r e f o r e  w e  have not  f u l l y  a s s e s s e d  t h i s  
approach. We can,  however, p o i n t  o u t  t h e  f o l l o w i n g  f e a t u r e s  of t h i s  
approach: ( 1 )  i t  g e n e r a l l y  p r o v i d e s  a t  l eas t  as l a r g e  a n  i n c r e a s e  i n  
t h e  s y s t e m  r e l i a b i l i t y  as o t h e r  redundancy approaches ,  ( 2 )  t h e  number 
of a d d i t i o n a l  p a r t s  r e q u i r e d  i s  s m a l l  by comparison,  ( 3 )  power consump- 
t i o n  of a redundant  s y s t e m  i s  e s s e n t i a l l y  t h e  same as f o r  t h e  non- 
redundant system, ( 4 )  a communication l i n k  between t h e  s p a c e  v e h i c l e  and 
e a r t h  is  a l r e a d y  a v a i l a b l e ,  (5) e r r o r  d e t e c t i o n  by m o n i t o r i n g  t h e  s y s t e m  
o u t p u t  a t  t h e  e a r t h  r e c e i v i n g  s t a t i o n  a p p e a r s  t o  be a s i m p l e  p r o c e s s ,  
and (6) t h e r e  is  a p o s s i b i l i t y  of c a p i t a l i z i n g  o n  t h e  r e l i a b i l i t y  o f  
magnetic t e c h n i q u e s  i n  t h e  swi t ch -ove r  c i r c u i t r y .  
I n  g e n e r a l ,  redundancy s h o u l d  b e  a p p l i e d  t o  a s y s t e m  a f t e r  t h e  i n -  
d i v i d u a l  c i r c u i t s  a r e  made as r e l i a b l e  as p o s s i b l e ,  c o n s i s t e n t  w i t h  
r e l e v a n t  system c o n s i d e r a t i o n s .  A s  shown by t h e  f a i l u r e  r a t e  g i v e n  
above, t h e  u s e  of t h e  t u n i n g  f o r k  i s  t o  be  q u e s t i o n e d .  I n  a n t i c i p a t i o n  
of  a recommendation t h a t  is t o  f o l l o w ,  w e  co r i s ide r  t h e  a p p l i c a t i o n  o f  
redundancy t o  t h e  s y s t e m  as i t  h a s  been  d e s c r i b e d  e x c e p t  t h a t  t h e  t u n i n g  
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f o r k  i s  r e p l a c e d  by a comple t e ly  r e l i a b l e  d e v i c e .  For a f i v e - y e a r  
mis s ion  t h i s  i n c r e a s e s  t h e  p r o b a b i l i t y  o f  s u c c e s s  from 88.6 p e r c e n t  t o  
92.8 p e r c e n t ,  
For t h i s  mod i f i ed  s y s t e m ,  t h e  r e l i a b i l i t y  i n c r e a s e  t h a t  w i l l  r e s u l t  
f r o m  a p p l y i n g  redundancy t o  t h e  semiconductors  c a n  be a p p r e c i a t e d  by 
assuming t h a t  a l l  t r a n s i s t o r s  and d i o d e s  a r e  r e p l a c e d  by quadded equiva- 
l e n t s .  ( I t  s h o u l d  b e  r ecogn ized  t h a t  quadding r e q u i r e s  a l a r g e  i n c r e a s e  
i n  t h e  number of components, and even i f  i t  were p o s s i b l e  i n  a l l  o f  t h e  
c i r c u i t s ,  o t h e r  approaches would be  t aken  where a p p l i c a b l e . )  The re- 
l i a b i l i t y  or p r o b a b i l i t y  of s u c c e s s f u l  o p e r a t i o n  o f  a quadded c i r c u i t  
c a n  be  e x p r e s s e d  as P = -p - -p where p i s  t h e  p r o b a b i l i t y  o f  s u c c e s s  
fo r  t h e  i n d i v i d u a l  component, and P is t h e  p r o b a b i l i t y  o f  s u c c e s s  f o r  
t h e  quadded c i r c u i t .  T h i s  e x p r e s s i o n  assumes t h a t  f a i l u r e  by s h o r t i n g  
is e q u a l l y  p robab le  t o  f a i l u r e  by opening. p i s  t a k e n  t o  e q u a l  e . 
Using t h e  v a l u e s  g i v e n  i n  Sec.  1 1 1 - D  f o r  t h e  t r a n s i s t o r  and d i o d e  f a i l u r e  
rates, and a f i v e - y e a r  mis s ion  t i m e ,  t h e  r e l i a b i l i t y  o f  t h e  40  quadded 
d i o d e  c i r c u i t s  is 1 - (1 x of t he  45  quadded t r a n s i s t o r  c i r c u i t s  
1 .  i s  1 - ( 5  x and of t h e  remainder of  t h e  (non-redundant) c i r c u i t s  
3 1 3  
2 2 
- A t  
1s 1.8 x The e n t i r e  s y s t e m  r e l i a b i l i t y  i s  t h e  p roduc t  of t h e s e  
t h r e e  terms--namely, 9 8 . 2  p e r c e n t .  
W e  conc lude  from t h i s  q u a l i t a t i v e  a n a l y s i s  t h a t  a s i g n i f i c a n t  i m -  
provement i n  s y s t e m  r e l i a b i l i t y  can  be ach ieved  by a p p l y i n g  redundancy, 
and w e  proceed t o  b r i e f l y  examine each  semiconduc to r  c i r c u i t .  For each 
c i r c u i r ;  w e  pvfiit c:? nne or two approaches t o  redundancy t h a t  are com- 
p a t i b l e  w i t h  t h a t  p a r t i c u l a r  c i r c u i t ,  i n  a d d i t i o n  t o  t h e  staiidbj- ~ c -  
dundancy a l r e a d y  mentioned. A t t e n t i o n  w i l l  be  focused  upon t h e  
t r a n s i s t o r s  s ince i t  i s  t r i v i a l  from a c i r c u i t  p o i n t  of view t o  quad 
t h e  d i o d e s ,  and t h i s  i s  a good redundancy approach f o r  them. 
1. O s c i l l a t o r  
The o s c i l l a t o r  c i r c u i t  occup ies  a unique p o s i t i o n  i n  t h e  
System from t h e  r e l i a b i l i t y  s t a n d p o i n t  because o f  t h e  t u n i n g  f o r k .  As 
shown i n  Tab le  111 t h i s  one component accoun t s  for o n e - t h i r d  of  t h e  
t o t a l  s y s t e m  f a i l u r e  ra te .  For t h i s  r e a s o n  it i s  no t  worthwhile  t o  
. a p p l y  semiconduc to r  redundancy t o  t h i s  c i r c u i t ,  b u t  r a t h e r  an e f f o r t  
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shou ld  be made t o  g e t  r i d  o f  t h e  t u n i n g  f o r k  ( o r  a l t e r n a t i v e l y ,  f i n d  a 
means f o r  making i t  more r e l i a b l e ) .  T h i s  approach i s  d i s c u s s e d  b r i e f l y  . 
i n  Sec.  111-F. 
2 .  Sense  Ampl i f i e r  
Fo r  redundancy purposes  t h e  s e n s e  a m p l i f i e r  can  be broken down 
i n t o  two pa r t s - -one  t h a t  c o n t a i n s  l i n e a r  a m p l i f i e r s  and one t h a t  c o n t a i n s  
on-off s w i t c h e s .  For  t h e  l i n e a r  a m p l i f i e r  p o r t i o n  a good approach i s  
t o  app ly  redundancy on t h e  c i r c u i t  l e v e l  and u s e  two a m p l i f i e r  c i r c u i t s  
having a common i n p u t .  The p r e s e n t  s e n s e  a m p l i f i e r  has  a h i g h  i n p u t  
impedance, so  a p a r a l l e l  r a t h e r  t h a n  series i n p u t  c o n n e c t i o n  i s  c a l l e d  
f o r .  R e s i s t o r s  p l a c e d  i n  series w i t h  each  a m p l i f i e r  p r o t e c t  a g a i n s t  
s i g n a l  l o s s  i n  t h e  e v e n t  of  a s h o r t  i n  t h e  t r a n s i s t o r  i n p u t  c i r c u i t .  
The p a r t  of  t h e  a m p l i f i e r  t h a t  compr i se s  t r a n s i s t o r s  used as 
on-off s w i t c h e s  p r e s e n t s  a d i f f e r e n t  redundancy problem. The p a r a l l e l  
channel  approach c a n  be used h e r e  i f  d e s i r e d  e x c e p t  f o r  t h e  o u t p u t  o f  
t h e  a m p l i f i e r s .  The ampl i tude  o f  t h e  o u t p u t  p u l s e  c u r r e n t  from t h e  re- 
dundant a m p l i f i e r  shou ld  not be dependent upon i n t e r n a l  c i r c u i t  f a i l u r e s ,  , 
and t h e r e f o r e  s imply p a r a l l e l i n g  t h e  o u t p u t s  i s  no t  a c c e p t a b l e .  A good 
approach h e r e  i s  t o  app ly  component redundancy by quadding t h e  o u t p u t  
s t a g e  and t r i g g e r i n g  i t  "on" from each  of t h e  p a r a l l e l  c h a n n e l s  ( an  OR 
c i r c u i t  from a l o g i c  p o i n t  of v i ew) .4  
3 .  Weight-Current D r i v e r s  
T r a n s i s t o r s  are used h e r e  i n  a f eedback  a m p l i f i e r .  I n  p r i n -  
c i p l e  t h i s  means t h a t  s t andby  redundancy c a n  be e f f e c t i v e l y  a p p l i e d  t o  
t h i s  c i r c u i t .  Th i s  approach l e a d s  t o  complex c i r c u i t r y  f o r  d e t e c t i n g  
and c o r r e c t i n g  e r r o r s ,  as mentioned above. For t h i s  r e a s o n ,  i f  t h i s  
t y p e  of redundancy i s  a p p l i e d  i t  s h o u l d  be  a t  t h e  sub-system l e v e l - -  
i . e . ,  a p p l i e d  t o  t h e  weight  c u r r e n t  d r i v e r s  as a u n i t  r a t h e r  t h a n  i n -  
d i v i d u a l l y  t o  each  of  t h e  s e v e n  d r i v e r s .  
An a l t e r n a t e  approach,  and one  t h a t  a p p e a r s  b e t t e r  s u i t e d  t o  
t h i s  s y s t e m ,  i s  t o  u s e  component redundancy i n  a s p e c i a l  t y p e  o f  a quad 
c i r c u i t  t h a t  i s  a p p l i c a b l e  when a t r a n s i s t o r  is  used  i n  i t s  ac t ive  
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back c a n  probably be  used t o  advan tage  i n  app ly ing  t h i s  t y p e  o f  quad 
redundancy. 
The f a c t  t h a t  t h e  a m p l i f i e r s  i n  t h i s  d r i v e r  make u s e  o f  feed-  
I *  
A s s o c i a t e d  w i t h  e a c h  t r a n s i s t o r  a m p l i f i e r  t h e r e  i s  a clamping 
d i o d e  t h a t  cannot  be quadded and t h e r e f o r e  r e q u i r e s  s p e c i a l  c o n s i d e r a -  
t i o n .  By add ing  a p a r a l l e l  d i o d e  and i n c r e a s i n g  t h e  i n p u t  c u r r e n t ,  t h e  
d r i v e r  can be p r o t e c t e d  a g a i n s t  a d i o d e  o p e n - c i r c u i t  f a i l u r e ,  I n  o r d e r  
t o  p r o t e c t  aga ins t  a d i o d e  s h o r t ,  a n  a d d i t i o n a l  s q u a r e  l o o p  c o r e  w i t h  
p a r a l l e l  d i o d e s  and a d i o d e  OR c i r c u i t  i s  r e q u i r e d .  T h i s  c i r c u i t  pro- 
v i d e s  t h e  i n p u t  t o  t h e  s p e c i a l  quad c i r c u i t .  
4 .  M u l t i p u l s e  Logic  D r i v e r s  
On t h e  component l e v e l ,  quadding t h e  t r a n s i s t o r s  i n  e a c h  m u l t i -  
p u l s e  d r i v e r  i s  a u s e f u l  approach t o  redundancy. The problems f a c e d  
h e r e  are s imi la r  t o  t h o s e  t o  be  f a c e d  i n  quadding t h e  o u t p u t  of  t h e  s e n s e  
a m p l i f i e r ,  and any e f f o r t  o n  one c i r c u i t  would b e n e f i t  c i r c u i t  work o n  
t h e  o t h e r .  The c i r c u i t  f o r  quadding one  t r a n s i s t o r  i n  a m u l t i p u l s e  d r i v e r  
i s  shown i n  Fig.  15. A d i s c u s s i o n  of a s i m i l a r  c i r c u i t  i s  found i n  Ref .  4 .  
Another p o s s i b l e  approach uses  two complete  d r i v e r  c i r c u i t s  
t o  r e p l a c e  e a c h  d r i v e r  i n  t h e  nonredundant r e a l i z a t i o n .  I n  t h e  normal 
o p e r a t i o n  of t h i s  redundant  sys t em each p a i r  o f  d r i v e r s  would be  used 
b u t  t h e y  would be  t r i g g e r e d  o n  a l t e r n a t e l y .  When one d r i v e r  f a i l s ,  t h e  
u 1 . 1 1 ~ ~  would c o n t i n u e  t o  o p e r a t e ,  but t h e  o u t p u t  of  t h i s  d r i v e r  com- 
b i n a t i o n  would now have o n l y  h a l f  a s  many p u l s ~  "c hefore t h e  f a i l u r e .  
The p o r t i o n  of t h e  sys t em d r i v e n  by t h i s  d r i v e r  combina t ion  would c o r r e -  
s p o n d i n g l y  have i t s  r e p e t i t i o n  ra te  halved.  Because of t h e  s e q u e n t i a l  
n a t u r e  o f  t h e  system, t h e  r e p e t i t i o n  r a t e  w i l l  be h a l v e d  f o r  a l l  t h e  
e v e n t s  t h a t  o c c u r  i n  t h e  cyc le  of o p e r a t i o n  a f t e r  t h e  t i m e  p o s i t i o n  
o c c u p i e d  by t h i s  d r i v e r  o u t p u t .  We have not  worked o u t  t h e  d e t a i l s  o f  
t h e  t r i g g e r i n g  o f  e a c h  d r i v e r  i n  t h e  p a i r s  b u t  i t  seems p r a c t i c a l .  T h i s  
sub-system redundancy approach assumes p r o t e c t i v e  measures have been 
t a k e n  s o  t h a t  a s h o r t  i n  one  c i r c u i t  does no t  c a u s e  t h e  power supp ly  t o  
m a l f u n c t i o n .  








( b )  QUADDED CIRCUIT 




F. Low-Frequency O s c i l l a t o r s  
T h i s  sys t em u s e s  a 400-cps s i g n a l  as its b a s i c  t i m i n g  s o u r c e .  
S i n c e  t h e  f r equency  s t a b i l i t y  r e q u i r e d  i s  + O . l % ,  i t  i s  not n e c e s s a r y  
t o  use  a high-frequency q u a r t z  c r y s t a l  o s c i l l a t o r  and a count-down 
c i r c u i t .  The Phase I1 breadboard used a t u n i n g - f o r k  c o n t r o l l e d  os- 
c i l l a t o r  t h a t  had more t h a n  adequa te  f requency s t a b i l i t y ,  b u t  t h e  re- 
l i a b i l i t y  a s s i g n e d  t o  t h e  t u n i n g  f o r k  (Table 111)  i s  so l o w  t h a t  a n o t h e r  
t y p e  of  o sc i l l a to r  i s  needed. 
I n  s e a r c h i n g  for an o s c i l l a t o r  t y p e  t h a t  is  s u i t a b l e  f o r  t h i s  
a p p l i c a t i o n ,  t h e  two s a l i e n t  f e a t u r e s  t h a t  w e  used f o r  e v a l u a t i o n  are 
r e l i a b i l i t y  and adequa te  f requency s t a b i l i t y .  There are t h r e e  t y p e s  
t h a t  seem t o  meet t h e s e  r e q u i r e m e n t s - - l i n e a r  LC o s c i l l a t o r s ,  l i n e a r  RC 
o s c i l l a t o r s ,  and p u l s e  o s c i l l a t o r s  u s i n g  squa re - loop  c o r e s . 6  S t a b i l i t y  
o f  + O . l %  is d i f f i c u l t  t o  o b t a i n  w i t h  t h i s  l a t t e r  t y p e ,  and s i n c e  i t  o f f e r s  
no p e c u l i a r  advantages w e  recommend t h e  u s e  of  one of t h e  l i n e a r  t y p e s .  
Both t h e  LC and RC t y p e s  c a n  meet t h e  f r e q u e n c y - s t a b i l i t y  r equ i r emen t  of 
kO.l% as t e m p e r a t u r e  and v o l t a g e  are v a r i e d .  These o s c i l l a t o r  t y p e s  
would r e q u i r e  from t h r e e  t o  s i x  t r a n s i s t o r s ,  w h i l e  t h e  t u n i n g  f o r k  os- 
c i l l a t o r  r e q u i r e d  two t r a n s i s t o r s .  These a d d i t i o n a l  t r a n s i s t o r s  would 
have a t  most a combined f a i l u r e  r a t e  c o n t r i b u t i o n  of  8 X 10 f a i l u r e s  
p e r  hour  compared w i t h  100 X 1 0  f a i l u r e s  p e r  hour  f o r  t h e  t u n i n g  f o r k ,  
t h u s  p r o v i d i n g  a s i g n i f i c a n t  i n c r e a s e  i n  s y s t e m  r e l i a b i l i t y .  
-8 
-8 
W e  conc lude  LL:iit LC m d  RC o s c i l l a t o r s  c a n  be  used f o r  t h i s  a p p l i -  
c a t i o n ,  
. 
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I V  RECOMMENDED MODIFICATIONS 
A.  C i r c u i t  M o d i f i c a t i o n s  
The l o g i c  c i r c u i t s  fo r  f u t u r e  models of  t h i s  a l l - m a g n e t i c  t e l e m e t r y  
s y s t e m  must be packaged i n  an improved manner. I t  i s  recommended t h a t  
t h e  d e s i g n  be based on a p l a n a r  c o n f i g u r a t i o n  where in  a l l  c o r e s  asso- 
c i a t e d  w i t h  one c i r c u i t  are p h y s i c a l l y  l o c a t e d  i n  t h e  same p l a n e .  I n  
t h i s  manner t h e  w i r i n g  common t o  groups of  c i r c u i t s  i s  s i m p l i f i e d .  I t  
may b e  accomplished by f i r s t  a l i g n i n g  t h e  c i r c u i t s  and t h e n  push ing  
th rough  t h e  wires, e f f e c t i n g  t h e  s i m u l t a n e o u s  w i r i n g  o f  m u l t i p l e  c i r -  
c u i t s .  The c o n s i d e r a t i o n s  r e l a t i n g  t o  mechanical  d e s i g n  d i s c u s s e d  i n  
Sec. 1 1 1 - A  must be  used i n  o r d e r  t o  m a i n t a i n  t h e  performance of t h e  
magnetic l o g i c  c i r c u i t s - - n a m e l y ,  low-impedance s t o p p e r  loops  and f l u x  
s o u r c e  l o o p s .  
A second recommendation r e l a t e s  t o  t h e  s e l e c t i o n  of t h e  f l u x  s o u r c e  
core f o r  t h e  s t o p p e r  c i r c u i t s .  By u s i n g  I n d i a n a  General  MC113 (S-4 
material 5 0 / 8 0  s i z e )  c o r e s  i n  p l a c e  o f  t h e  Ampex 802-40 c o r e s  f o r  u s e  
as t h e  f l u x  s o u r c e  i n  t h e  s t o p p e r  c i r c u i t s ,  an i n c r e a s e  i n  c i r c u i t  
o p e r a t i n g  r ange  w i l l  be ach ieved .  The MC113 h a s  a h i g h e r  t h r e s h o l d  
and w i l l  t h e r e f o r e  pe rmi t  t h e  f u l l  enhancement o f  t h e  t h r e s h o l d  o f  t h e  
s t o p p e r  c o r e s  t o  be o b t a i n e d ,  
I t  i s  a l s o  recommended t h a t  t h e  advance d r i v e  wind ing  t h r o u g h  t h e  
f l u x  s o u r c e  c o r e  be d e l e t e d  and p l a c e d  t h r o u g h  t h e  s t o p p e r  p a i r  i n s t e a d .  
T h i s  change w i l l  t h e n  u s e  t h e  f l u x  s o u r c e  c o r e  as a f l u x  s i n k  as d i s -  
cussed  i n  Sec.  1 1 1 - A ,  and p r o v i d e  a d d i t i o n a l  i n c r e a s e  i n  t h e  o p e r a t i n g  
r ange .  The l a t t e r  o c c u r s  because  l e a k a g e  f l u x  p a t t e r n s  t h a t  e f f e c t  a 
r e d u c t i o n  i n  t h e  t h r e s h o l d  o f  t h e  s t o p p e r  cores w i l l  no t  o c c u r  when 
d r i v e n  i n  t h i s  manner. 
The f i n d i n g s  i n d i c a t e d  i n  t h e  r e l i a b i l i t y  f low diagram emphasize 
t h e  need for r e p l a c i n g  t h e  t u n i n g  f o r k  o s c i l l a t o r  w i t h  an RC t r a n s i s -  
t o r i z e d  o s c i l l a t o r  as d i s c u s s e d  i n  Sec.  111-F. T h i s  w i l l  r e s u l t  i n  an 
improved r e l i a b i l i t y  f i g u r e  a s s i g n a b l e  t o  t h e  sys t em.  . 
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The f i n a l  c i r c u i t  recommendation is t o  change t h e  i n p u t  c i r c u i t  
f o r  t h e  d i g i t a l  and sync  c h a n n e l s  t o  provide a p u l s e  s o u r c e  t o  se t  t h e  
c o r e s  a s s o c i a t e d  w i t h  e a c h  d i g i t a l  s e n s o r  when c l o s e d .  
t h e  channe l  c lear  p u l s e ,  would r e p l a c e  t h e  dc s u p p l y  o r i g i n a l l y  used f o r  
t h i s  purpose and would o c c u r  once each channel  commutation. The o u t p u t s  
o f  e a c h  s u c h  c o r e  would be  O R ' d  t o g e t h e r  and p r o v i d e  t h e  i n p u t  f o r  t h e  
BMC a s s o c i a t e d  w i t h  t h a t  c h a n n e l .  Th i s  c i r c u i t  i s  shown i n  F i g .  1. The 
e f f e c t  of  t h i s  change and t h e  a s s o c i a t e d  l o g i c  change w a s  d e s c r i b e d  i n  
Sec.  111-A.  
T h i s  p u l s e ,  
B. Logic M o d i f i c a t i o n s  
Assoc ia t ed  w i t h  t h e  c i r cu i t  m o d i f i c a t i o n  of  t h e  i n p u t s  t o  t h e  
d i g i t a l  and sync  c h a n n e l s ,  a logic change t o  e l i m i n a t e  t h e  d i g i t a l  
channe l  d e t e c t o r  l o g i c  c i r c u i t  is  recommended t o g e t h e r  w i t h  i t s  asso-  
c i a t ed  a m p l i f i e r .  The o u t p u t  from t h i s  c i r c u i t  ( T  ) i s  t h e n  r e p l a c e d  by 
T The need f o r  t h e  f u n c t i o n  performed by t h e  d i g i t a l  d e t e c t i o n  
c i r c u i t - - v i z . ,  p r e v e n t i o n  of  t h e  r e p e t i t i v e  turn-on o f  t h e  w e i g h t - c u r r e n t  
d r i v e r s - - i s  e l i m i n a t e d  by t h e  above-mentioned c i r c u i t  change on t h e  
channe l  i n p u t s .  
2 
2 '  
I t  i s  recommended t h a t  t h e  l e n g t h  of  t h e  w e i g h t - c u r r e n t  programmer 
be  ex tended  one s t a g e  t o  be e i g h t  s t a g e s  long .  T h i s  change e l i m i n a t e s  
t h e  r equ i r emen t  f o r  a s p e c i a l  c i r c u i t  f o r  t h e  l a s t  s t a g e  of t h e  weight-  
c u r r e n t  programmer and a l l o w s  a l l  s t a g e s  t o  be i d e n t i c a l .  
The f i n a l  recommenaaLiull x c n l t i  ng from t h e  review conducted i n  
t h i s  phase  i s  a c o n d i t i o n a l  one.  I t  relates t o  t h e  i n t e r f a c e  a m p l i I i e r a  
i n t e r p o s e d  between t h e  s u p e r  and prime c h a n n e l s  and a l s o  between t h e  
t i m i n g  g e n e r a t o r s  and d r i v e r  L I t  i s  e x p e c t e d  t h a t  t h e s e  a m p l i f i e r s  
may b e  e l i m i n a t e d ,  b u t  t h i s  i s  i n f l u e n c e d  by t h e  mechanical  d i f f i c u l t i e s  
o f  p r o v i d i n g  s u f f i c i e n t l y  low-impedance c o u p l i n g  l o o p s  i n  t h e i r  p l a c e .  
P r o v i d i n g  t h a t  low-impedance c o u p l i n g  l o o p s  are compa t ib l e  w i t h  t h e  
f a b r i c a t i o n  t e c h n i q u e s  used,  i t  is recommended t h a t  t h e s e  a m p l i f i e r s  be  
e l i m i n a t e d .  
6' 
The l o g i c  diagram f o r  t h e  12-channel Magnetic T e l e m e t r y  System h a s  
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FIG. 16 MAGNETIC LOGIC DESIGN, 1 2 - c l - 1 ~ " ~ ~  TELEMETRY SYSTEM, SHOWING RECOMMENDED C"+SES 
44 
REFERENCES 
1. C.  H. Heck le r ,  Jr . ,  and J. A. Baer, "PCM Telemetry:  A New 
Approach Using All-Magnetic Techniques,"  Phase  I R e p o r t ,  C o n t r a c t  
NAS 1-3380, P r o j e c t  4687, S t a n f o r d  Research I n s t i t u t e ,  Menlo Park,  
C a l i f o r n i a  (June 1964) ;  a l s o  a v a i l a b l e  as NASA CR-229 (May 1965) .  
2 .  C. H. Heck le r ,  Jr . ,  and J. A .  Baer, " F e a s i b i l i t y  Breadboard o f  an 
All-Mag::etic PCM Telemetry System," Phase I1 Repor t ,  C o n t r a c t  NAS 
1-3380, Pro, ject  4687, S t a n f o r d  Research I n s t i t u t e ,  Menlo Park,  
C a l i f o r n i a  (June 1965) .  
3. D. R .  Bennion and H.  L). Crane,  "Design and A n a l y s i s  of  MAD 
T r a n s f e r  C i r c u i t r y , "  P roceed ings  o f  t h e  Western J o i n t  Computer 
Conference,  pp. 2-36 (March 1959) .  
4 .  J. Goldberg,  J .  A. Baer,  and R .  C .  Minnick, "Development o f  
Techniques €or Improving t h e  R e l i a b i l i t y  o f  D i g i t a l  Systems 
Through I a g i c a l  Redundancy," F i n a l  Report Phase 111, C o n t r a c t  
M-44501 under NASw-6, P r o j e c t  3196, S t  a n f o r d  Research I n s t i t u t e ,  
Menlo Park,  C a l i r o r n i a  (August 1963) .  
5. G. E .  B r e c h l i n g  and P. Beckwith, "A Redundant Low P o w e r  PCM 
L Telemete r  f o r  t h e  O r b i t i n g  S o l a r  Obse rva to ry , "  P roceed ings  1963 
N a t i o n a l  Winter  Convent ion on M i l i t a r y  E l e c t r o n i c s ,  Vol. 2 ,  IEEE, 
pp. 16-1 t o  16-15 (30, 31 Janua ry ,  1 Februa ry  1963) .  . 
6 .  J. M. S h a u l l ,  " P r e c i s i o n  O s c i l l a t o r s  f o r  M i l i t a r y  E l e c t r o n i c  T i m e r s , "  
TR-1235, Harry Diamond L a b o r a t o r i e s ,  Washington 25,  D.C. (June 
19641, AD 602791. 
NASA-Langley, 1058 CR-435 45 
‘ T h e  aeronautical and space activities of the United States shall be 
conducted so as to contribute . . . to the expansion o f  briman kiiowl- 
edge of phenomena in the atmosphere and space. The Administration 
shall provide for the widest practirable and appropride dissemination 
of information concerning its actiiities and the reszilts thereof .” 
-NATIOPUAL AERONAUTICS AND SPACE ACT OF 1958 
NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS 
TECHNICAL REPORTS: 
important, complete, and a lasting contribution to existing knowledge. 
TECHNICAL NOTES: 
of importance as a contribution to existing knowledge. 
TECHNICAL MEMORANDUMS: Information receiving limited distri- 
bution because of preliminary data, security classification, or other reasons. 
CONTRACTOR REPORTS: Technical information generated in con- 
nection with a NASA contract or grant and released under NASA auspices. 
TECHNICAL TRANSLATIONS: Information published in a foreign 
language considered to merit NASA distribution in English. 
TECHNICAL REPRINTS: Information derived from NASA activities 
and initially published in the form of journal articles. 
SPECIAL PUBLICATIONS: Informarion derived from or of value to 
NASA activities but not necessarily reporting the results of individual 
NASA-programmed scientific efforts. Publications include conference 
proceedings, monographs, data compilations, handbooks, sourcebooks, 
and special bibliographies. 
Scientific and technical information considered 
Information less broad in scope but nevertheless 
Details on the availability of these publications may be obtained from: 
SCIENTIFIC AND TECHNICAL INFORMATION DIVISION 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
Washington, D.C. PO546 
t 
